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ABSTRACT
Regulator of G protein signaling-21 (RGS21) in peripheral taste
physiology
Adam Bryant Schroer
The gustatory system subjects ingested food to ‘quality control’ that prevents
consumption of harmful compounds while also regulating nutrient intake. A better
understanding of the physiological regulation of taste will enhance our ability to facilitate
the appropriate consumption of nutrients and improve overall health. Bitter, sweet, and
umami tastes are detected by a family of G protein-coupled receptors (GPCRs) that
associate with heterotrimeric G proteins and initiate intracellular signaling cascades
after activation by tastant binding. ‘Regulators of G protein Signaling’ (RGS proteins) act
as Ga-directed GTPase-accelerating proteins (GAPs) and thereby accelerate
inactivation of GPCR-mediated signaling. Rgs21 is selectively expressed in tastantresponsive tissue, suggesting it likely facilitates the inactivation of the taste transduction
pathway. We have assessed taste responses in Rgs21 knockout mice: bitterant,
sweetener, and umami responses (metabotropic, Type II cell responses) are blunted in
the absence of RGS21, whereas aversion to sour (ionotropic, Type III cell response) is
unchanged. Notably, appetitive responses to NaCl are blunted in Rgs21-deficient mice
as well, suggesting transduction of NaCl taste involves a GPCR and/or G protein
signaling in Type II taste receptor cells. We suspect that RGS21 loss leads to
hyperactivity of GPCRs in taste receptor cells, eventually causing prolonged
desensitization and/or downregulation. Further work is needed to test this hypothesis
and thus elucidate the mechanism(s) by which RGS21 affects peripheral taste signaling,
including appetitive salt taste (a taste modality traditionally considered the exclusive
domain of ionotropic signal transduction).
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Chapter 1
General Introduction
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1.1 – G Protein-Coupled Receptor Signaling

1.1.1 – Background
An organism’s survival is dependent on individual cells sensing and responding
to a wide array of extracellular cues (e.g., neurotransmitters, hormones and
chemokines, odorants, and tastants) (Rodbell, 1985; Gilman, 1987; Buck and Axel,
1991; Montmayeur et al., 2001). A cell’s recognition of—and response to—membrane
impermeable extracellular cues is dependent on cell surface receptors. The seventransmembrane proteins of the G protein-coupled receptor (GPCR) class make up a
large proportion of cell surface receptors with the purpose of transducing extracellular
cues into intracellular signals, which initiate a myriad of cellular responses.
Activation of GPCRs by extracellular signals conventionally generates messages
within cells by interacting with heterotrimeric G protein complexes (Dohlman et al.,
1987; Neer and Clapham, 1988). Heterotrimeric G proteins are composed of single a, b,
and g subunits (Hepler and Gilman, 1992; Gudermann et al., 1996). When inactive, Ga
is bound to GDP and to Gβ/γ subunits, that together associate with membrane-bound
GPCRs. Ligand binding to a GPCR induces the receptor to undergo a conformational
change (i.e., a reorientation of the 3-D arrangement of the seven transmembrane
helices relative to one another), exposing intracellular portions of the receptor that allow
it to function as a guanine nucleotide exchange factor (GEF) that reduces the affinity of
GDP for the inactive Ga subunit and allows for release of the nucleotide (Lambright et
al., 1994; Neer, 1995). Given the high concentration of GTP relative to GDP in cells and
the affinity of Ga subunits for GTP, GTP will bind to the Ga subunit. The Ga·GTP
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subunit has reduced affinity for the Gbg subunit, which leads to the dissociation of free
Ga·GTP and Gbg subunits (Lambright et al., 1996). Both the Ga subunit and the Gbg
subunits, in their free state, activate downstream effector enzymes. Activated subunits
have a number of different effectors, depending on the specific types of subunits
involved (Freissmuth et al., 1989; Simon et al., 1991). Effectors of heterotrimeric G
protein signaling include potassium and calcium ion channels, adenylyl cyclases,
phosphodiesterases (PDEs), and various isoforms of phospholipase C (including
PLCb), along with other effector proteins (Hamm, 1998; Marinissen and Gutkind, 2001;
Offermanns, 2003; Goldsmith and Dhanasekaran, 2007). Free heterotrimeric G protein
subunits will continue to influence effectors as long as the Ga subunit is bound to GTP.
However, the Ga subunit possesses internal GTPase activity, which catalyzes the
hydrolysis of the bound GTP to GDP. The Ga·GDP subunit has greater affinity for the
Gβγ subunits, causing the free subunits to return to a heterotrimeric G protein complex
and allow a restoration of interaction with a receptor. This activation/inactivation cycle
allows heterotrimeric G-proteins to function as a molecular switch (Figure 1.1).
Figure 1.1. Guanine nucleotide cycle
governing GPCR-mediated activation
of heterotrimeric G protein signaling.
Agonist
(activator)-bound
GPCRs
stimulate signal onset by acting as
guanine nucleotide exchange factors
(GEFs) for Ga subunits, inducing GDP
release, subsequent binding of GTP,
and release of the Gbg dimer. Both the
free GTP-bound Ga and free Gbg
subunits are then able to modulate the
activity of various enzymes, ion
channels, and other effectors.
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Important molecular players in G protein-mediated signaling are members of the
Regulator of G protein signaling (RGS) proteins. In vitro, the GTP hydrolysis activity of
purified Ga subunits is about 100-times slower than that observed in vivo (Vuong and
Chabre, 1991; Angleson and Wensel, 1993). This timing paradox was resolved by the
discovery of RGS proteins (Berman et al., 1996; Siderovski et al., 1996; Watson et al.,
1996), which act as “breaks” on activated G protein signaling.
The following dissertation will focus on the two predominant forms of regulating
G protein signaling pathways, with a particular focus on the role of these pathways in
taste chemosensation and its regulation. Specifically, the role of one particular RGS
protein limited in expression to tastant-receptive cells, Regulator of G protein Signaling21 (RGS21), will be investigated in GPCR-mediated taste responses, highlighting the
importance of a rheostat mechanism to maintain the appropriate induction level and
discontinuation of second messenger production in taste chemosensation.

1.2 – Regulation of GPCRs

1.2.1a – Kinase-mediated regulation of GPCRs
A number of regulatory mechanisms have been observed to prevent unrestrained
signaling from GPCRs and to ultimately maintain the sensitivity of the G protein signal
transduction system. That is, receptors can be phosphorylated by two types of kinases
leading to the desensitization of a given receptor to its agonists (and a shift towards
alternative signaling pathways) (Pierce and Lefkowitz, 2001). Canonically, kinases that
are commonly activated downstream of heterotrimeric G protein signaling, such as
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cAMP-dependent kinase (also referred to as protein kinase A [PKA]) and protein kinase
C (PKC), can phosphorylate many different receptors and signaling components,
reducing their responsiveness, regardless of agonist occupancy (Hoffman et al., 1994;
Freedman and Lefkowitz, 1996). This process of unbiased desensitization of both active
and inactive receptors is known as heterologous desensitization. However, other
kinases play an important role in regulating G protein signaling.
GPCR kinases (GRKs) function similarly by phosphorylating receptors; however,
these kinases only phosphorylate agonist-occupied receptors, allowing the specific
desensitization of activated receptors, a process known as homologous desensitization
(Lohse et al., 1990; Benovic et al., 1991; Lorenz et al., 1991; Pitcher et al., 1998).
Canonically, following GRK-mediated phosphorylation of GPCRs, b-arrestin proteins
can interact with GPCRs to block continued G protein activation and promote the
internalization of the receptor into endosomes (Figure 1.2) (Von Zastrow and Kobilka,
1992; Ferguson et al., 1996; Lefkowitz, 1998). Internalization can either lead to
dephosphorylation/resensitization of the receptor to allow recycling back to the cell
membrane or degradation of the receptor in a process known as down-regulation
(Oakley et al., 1999; Tsao and von Zastrow, 2000).
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Figure 1.2. GRK-mediated desensitization. Activated GPCRs and their activated Gbg
subunits recruit GRKs (Inglese et al., 1992; Pitcher et al., 1992; Pack et al., 2018),
which phosphorylate serine/threonine residues of agonist-bound receptors. b-arrestins
bind to the phosphorylated residues to disrupt G protein coupling and to adapt GPCRs
to endocytosis machinery (Rajagopal and Shenoy, 2018). Endocytosis can lead to
either dephosphorylation of the receptor and recycling back to the membrane or to
degradation of the receptor in a process known as down-regulation (Oakley et al., 1999;
Tsao and von Zastrow, 2000).
b-arrestin-mediated internalization not only functions to desensitize/resensitize
agonist-bound GPCRs, but it also promotes the activation of different mitogen-activated
protein (MAP) kinase-signaling pathways (Daaka et al., 1998; Luttrell et al., 1999).
Following internalization of GPCRs into endosomes, b-arrestin proteins are able to link
receptors to multiple MAP kinase signaling pathways. b-arrestin proteins are able to
function as scaffolds for these signaling pathways (Luttrell et al., 1999; DeFea et al.,
2000). First discovered in yeast, signaling scaffolds are proteins that can bring together
sequential members of a signaling pathway to facilitate protein-protein interactions in
distinct cellular locations allowing the targeting of this pathway to specific substrates
(Choi et al., 1994; Marcus et al., 1994; Morrison and Davis, 2003). For example, barrestins can function as scaffolds for extracellular response kinase 1/2 (ERK1/2) and c-
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Jun N-terminal kinase type 3 (JNK3) signaling cascades (Luttrell et al., 1999, 2001;
McDonald et al., 2000).

1.2.1b. – Kinase-mediated regulation of GPCRs in physiology
GPCR phosphorylation, b-arrestin-mediated receptor internalization, and MAP
kinase pathway recruitment are critical in a number of physiological processes.
Maintaining the appropriate induction level and discontinuation of second messenger
production can be critical in preserving the sensitivity of signal transduction pathways to
various ligands. For example, these kinase-mediated regulatory mechanisms are critical
in maintaining normal taste chemosensation. Deletion of one of the main Ga proteins in
taste receptor cells, Ga-gustducin (McLaughlin et al., 1992; Hoon et al., 1995; Wong et
al., 1996), leads to reduced sensitivity to taste stimuli transduced by tastant-responsive
GPCRs (Wong et al., 1996; Ming et al., 1999; Caicedo et al., 2003; Ruiz et al., 2003).
Initially, it was thought that this lack of taste responsiveness in Ga-gustducin-deficient
mice identified a key role for gustducin’s regulation of PDE, which breaks down cAMP in
the taste receptor cells, in the transduction of GPCR-mediated taste signals. However,
the primacy of Gbg subunit activation of PLCb2 was subsequently reported (Huang et
al., 1999; Zhang et al., 2003). Furthermore, in the absence of PLCb2, or downstream
signaling partners (e.g., IP3R, TRPM5, and CALHM1), responses to GPCR-mediated
taste stimuli are completely lost (Zhang et al., 2003; Hisatsune et al., 2007; Taruno et
al., 2013). Subsequent studies assessing the Ga-gustducin-deficient mouse revealed
elevated tonic cAMP levels due to a reduction in basal PDE activity. This prolonged
basal elevation in cAMP levels increases PKA activity, leading to the phosphorylation
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and desensitization of key membrane-bound taste signaling proteins (e.g., PLCb2 and
IP3R) (Clapp et al., 2008). Therefore, Ga-gustducin may regulate PKA-mediated
heterologous desensitization, rather than serving a key role in the primary transduction
of taste information from the periphery to the central nervous system (CNS). This
example highlights the influence that heterologous desensitization can exert over active
or inactive signaling pathways.
Homologous desensitization of GPCRs is also involved in numerous alternative
physiological functions. Desensitization of agonist-occupied receptors can be critical to
preventing

excessive responses to

stimuli.

As

stated above,

GRKs

initiate

desensitization by phosphorylating agonist-activated receptors. For example, mutations
in the C-terminal tail of the chemokine receptor CXCR4 and GRK3 have been found in
patients with the autosomal dominant WHIM immunodeficiency syndrome (Hernandez
et al., 2003; Balabanian et al., 2005, 2008). In this syndrome, patients have impaired
CXCR4 desensitization and internalization, leading to prolonged G protein-dependent
signaling, enhanced chemotaxis, and impaired leukocyte trafficking (Balabanian et al.,
2008; Tarrant et al., 2013). This defect in homologous desensitization causes elevated
G protein signaling, but ultimately results in a diminished immune system and leaves
the patient with a markedly reduced neutrophil count.
GRK5, and potentially GRK2 and GRK6, are expressed in tastant-responsive
lingual tissue (Premont et al., 1994; Zubare-Samuelov et al., 2005). However, only
GRK5 has been found in all taste bud cells, including cells with tastant-responsive
GPCRs (Zubare-Samuelov et al., 2005). Various amphipathic compounds that induce
sweet and bitter tastes produce an aftertaste; a prolonged taste that does not dissipate
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quickly after the compound is removed from the mouth. It was found that these
amphipathic compounds are capable of permeating taste cell membranes (Peri et al.,
2000), which raised the possibility that their associated aftertaste may be the result of
these tastants interfering with intracellular signaling (Naim et al., 1994). Subsequently, it
was found that these tastants function as inhibitors of purified GRK2, GRK5, and PKA
(Zubare-Samuelov et al., 2005), resulting in delayed GPCR desensitization and
elevated signaling output in whole cells (Malach et al., 2015). Therefore, amphipathic
tastants, such as non-caloric sweeteners and bitterants, may permeate taste bud cells
and inhibit desensitization of taste receptors, thereby producing the prolonged taste
response perceived as an aftertaste (Zubare-Samuelov et al., 2005). However, other
compounds (i.e., non-amphipathic) that produce prolonged aftertaste likely impart this
phenomenon via different mechanisms. Disruption of GRK-mediated desensitization by
amphipathic tastants highlights the importance of desensitization of tastant-responsive
GPCRs, which functions to prevent hyperactivity of taste receptor cells to tastants.

1.2.2a – Regulators of G protein Signaling (RGS proteins)
An additional mechanism to prevent unrestrained signaling from GPCRs and to
maintain the sensitivity of heterotrimeric G protein signal transduction involves direct
modulation of the activation/inactivation cycle of the G protein complexes. Regardless of
receptor activity, the duration of heterotrimeric G protein signaling is controlled by the
length of time that the Ga subunit is bound to GTP. However, a discrepancy was
observed between the slow rate of GTP hydrolysis of many purified Ga subunits in vitro
and the rapid inactivation of their corresponding G protein signal transduction pathways
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in vivo. For example, a large discrepancy was observed in the slow off-rate of Gatransducin subunits in vitro versus the rapid inactivation of the phototransduction system
in vivo (Vuong and Chabre, 1991; Angleson and Wensel, 1993). Purified Ga-transducin
protein hydrolyzes GTP in vitro with a half-life of ~15 sec, while the phototransduction
system inactivates in <1 sec (Vuong and Chabre, 1991). G protein effectors (including
PLCb) were found to participate in regulation of the activation/inactivation cycle of Ga
subunits by interacting with the GTP-bound a-subunit and accelerating its GTPase
activity; as such, these effectors were also described as GTPase Activating Proteins
(GAPs) of heterotrimeric G proteins (Arshavsky and Bownds, 1992; Berstein et al.,
1992; Kozasa et al., 1998; Scholich et al., 1999). However, the GAP function of these
effectors alone could not account for the discrepancy in slow GTPase activity of many
Ga subunits when purified in vitro versus the rapid inactivation of their corresponding G
protein signal transduction pathways in vivo. This timing paradox was fully resolved
upon discovery of the family of Regulator of G protein Signaling (RGS) proteins (Druey
et al., 1996; Koelle and Horvitz, 1996; Siderovski et al., 1996). RGS proteins were
initially discovered in a number of different species, including the yeast Saccharomyces
cerevisiae (Chan and Otte, 1982a, 1982b; Dohlman et al., 1996), the aspergillus
Emericella nidulans (Yu et al., 1996), the nematode Caenorhabiditis elegans (Koelle
and Horvitz, 1996), and the human Homo sapiens (Druey et al., 1996; Siderovski et al.,
1996). RGS homologs have now been identified in plants, even in the absence of
seven-transmembrane GPCRs that function as GEFs, suggesting the evolutionary
precedence of GAPs in regulating heterotrimeric G proteins (Chen et al., 2003b;
Choudhury et al., 2012). This evolutionary conservancy points to the critical role of the
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RGS protein family in maintaining proper responsiveness of cells to ultimately promote
their survival.
Members of the mammalian RGS protein family contain a conserved ~120
amino-acid motif, known as an “RGS-box” or RGS domain. This region can interact with
Ga·GTP subunits to function as an enzyme to catalyze the hydrolysis of GTP to GDP
(Berman et al., 1996; Hunt et al., 1996; Watson et al., 1996). The GAP activity exerted
by the RGS family of proteins functions to dramatically accelerate the termination of
heterotrimeric G protein activity and thus the downstream signaling activity. Since the
initial discovery of the RGS family of proteins, 37 members have been identified in the
human genome (Siderovski and Willard, 2005).

1.2.2b – RGS proteins in physiology
Not only have RGS proteins been identified in the human genome, but also
numerous physiological roles have been identified. As referenced above, the Ga protein
found in the retinal photoreceptor cells, Ga-transducin, hydrolyzes GTP in vitro much
slower than cells are able to recover following light stimulation in vivo (Vuong and
Chabre, 1991; Angleson and Wensel, 1993), suggesting a likely regulatory mechanism
increasing GTPase activity to inactivate this system. The specific protein functioning as
a GAP on transducin in retinal photoreceptors is RGS9 (Cowan et al., 1998; He et al.,
1998; Makino et al., 1999). RGS9 requires an obligate partner, Gb5, to remain stable
(Chen et al., 2003a). Additionally, RGS9 binds a transmembrane protein, R9AP, to
tether the RGS9·Gb5 complex to the outer segment of the photoreceptor (Hu and
Wensel, 2002). Experimental studies in mice with genetic deletion of any of these three
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proteins revealed nearly identical defective photoresponses, with a greatly reduced
recovery following light stimulation (Chen et al., 2000; Hu and Wensel, 2002; Krispel et
al., 2003; Keresztes et al., 2004). Additionally, mutations to RGS9 and R9AP have been
found in humans with defects in the off-rate of the phototransduction system, resulting in
normal visual acuity, but a severely reduced ability to see moving objects (Nishiguchi et
al., 2004).
The majority of RGS proteins contain multiple functional domains, in addition to
the RGS box that conveys GAP activity. For example, the GRKs, which were discussed
above as kinases that phosphorylate GPCRs, also have an RGS box (Siderovski et al.,
1996) giving them the dual ability to directly regulate both heterotrimeric G proteins and
receptors (Carman et al., 1999). An additional role for these supplementary domains is
to target RGS proteins to specific subcellular regions and receptors. RGS9 proteins
contain a DEP (Dishevelled/EGL-10/Pleckstrin homology) domain, which functions to
tether them to R9AP proteins in the outer segment of the photoreceptor (Martemyanov
et al., 2003). RGS proteins are organized into eight subfamilies based on sequence
homology and the presence of specific functional domains (Figure 1.3). For example,
the GRKs make up a subfamily of RGS proteins known as the GRK or G subfamily.
RGS9 is a member of the R7 or C subfamily, which contain a Gg-like (GGL) domain, the
domain causing these proteins to form obligate heterodimers with Gb5 (Chen et al.,
2003a). Most members of the R12 or D subfamily contain complex domain
architectures. Specifically, RGS12 and RGS14 contain tandem Ras-binding domains, in
addition to a GoLoco motif, which prevents GDP dissociation from Gai/o subunits
(Siderovski et al., 1999; Kimple et al., 2001; Siderovski and Willard, 2005). RGS12 also
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has PDZ (PSD95/Dlg/ZO-1 homology) and phosphotyrosine-binding domains (Schiff et
al., 2000), which cause RGS12 to interact with and regulate specific receptors (Willard
et al., 2007). Ultimately, the domain architecture of these two R12 subfamily members
can bring together components of the Ras·GTP/Raf/MEK/ERK signaling pathway to
promote sustained ERK activity (Willard et al., 2007, 2009; Shu et al., 2010). The
subfamily of RGS proteins with the least complex domain architecture, which are little
more than an isolated RGS box consisting of a nine-helical bundle, are called the R4 or
B subfamily. Members of this family include RGS1-5, 8, 13, 16, 18, and 21 (Woodard et
al., 2015). Since R4 subfamily members do not have extensive functional domains
beyond an RGS box, they often have less specificity for receptors and are more likely to
have function restricted by selective expression patterns.
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Figure 1.3. Representative members of the mammalian RGS protein subfamilies. Two

nomenclatures are alternatively used for several RGS protein subfamilies. A/RZ
subfamily members, such as RGS17 (Mao et al., 2004), are characterized by an Nterminal poly-cysteine region (“Cys”) that can be palmitoylated (Jones, 2004). Members
of the B/R4 subfamily (RGS21), C/R7 subfamily (RGS9), D/R12 subfamily (RGS12),
and G/GRK subfamily (GRK2) are described in the text. Members of the E/RA
subfamily, Axin and Axil, are negative regulators of the Wnt signaling pathway; neither
protein has been shown to interact with Gα subunits, but rather their RGS box interacts
with the tumor suppressor protein adenomatous polyposis coli (APC) (Spink et al.,
2000). Axin and Axil also contain other domains that interact with tankyrase (TNKS), βcatenin (βCat), the kinase GSK3β, the phosphatase PP2A, and the protein Dishevelled
(DIX) (Kikuchi, 1999). The F/GEF subfamily, such as leukemia-associated RhoGEF
(LARG), includes RhoA-specific guanine nucleotide exchange factors (GEFs) with
canonical Dbl-homology (DH) and pleckstrin-homology (PH) domains (Jaiswal et al.,
2011). Three sorting nexins (SNX13, SNX14, SNX25) comprise the H/SNX subfamily of
RGS proteins, having RGS boxes between phosphatidylinositol-binding (PX) and PXassociated (PXA) domains with putative transmembrane regions (TM) allowing
association with endosomes. The multiple RGS-box family members D-AKAP2 and
RGS22 fall outside the eight established subfamilies.
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1.3.1 – Taste Physiology
Pleasant and aversive taste stimuli are capable of being distinguished even in
newborn human infants (Ganchrow et al., 1983). The mammalian taste system detects
substances via taste buds, the sensory end organs of gustation in the fungiform papillae
of the anterior tongue (Arvidson, 1979), in the foliate and circumvallate papillae of the
posterior tongue (Guth, 1958; Murray and Murray, 1967), and in the posterior soft palate
(Nilsson, 1979). These taste buds are finely tuned to detect a variety of compounds to
ultimately regulate intake of nutrients, spoiled foods, and toxic substances. Taste buds
are made up of a cluster of roughly 50-100 sensory cells (Roper and Chaudhari, 2017).
Conventionally, taste bud cells are divided into three different types of sensory cells:
Type I, II, and III taste cells (Finger, 2005). These cell types were initially based on
staining and morphological characteristics (Murray, 1993; Pumplin et al., 1997; Yee et
al., 2001); however, these staining and morphological characteristics also correlate with
the specific functional roles of these taste cells. Type I taste cells are known as glial-like
support cells, as they have similarities in expression profile and function with glial cells
of the nervous system (Pumplin et al., 1997; Lawton et al., 2000; Bartel et al., 2006).
These Type I cells express the glial glutamate/aspartate transporter (GLAST), which is
responsible for re-uptake of glutamate in the nervous system (Lawton et al., 2000). To
maintain the extracellular milieu of ATP, Type I cells also express an ecto-ATPase
known as nucleoside triphosphate diphosphohydrolases-2 (NTPDase2) (Bartel et al.,
2006; Vandenbeuch et al., 2013). Type II taste cells are commonly referred to as “taste
receptor cells”, as these cells contain the tastant-responsive GPCRs and downstream
signaling components known to mediate sweet, bitter, and umami taste modalities
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(Clapp et al., 2001, 2004; Miyoshi et al., 2001). However, Type II taste receptor cells
lack voltage-gated calcium channels and the target SNARE protein SNAP-25 (Clapp et
al., 2006), characteristics typically necessary for synaptic transmission at conventional
synapses (Yang et al., 2000). Type III taste cells are referred to as pre-synaptic taste
cells as they are the only taste bud cells that express SNAP-25 and voltage-gated
calcium channels (Yang et al., 2000; Yee et al., 2001; Clapp et al., 2004, 2006),
allowing a conventional synapse with afferent gustatory nerves (Kinnamon et al., 1988;
Royer and Kinnamon, 1991; Chaudhari and Roper, 2010).
Five basic sensory qualities are detected by the gustatory system: sweet, bitter,
umami (“savory”), sour, and salty. Three of these taste qualities are detected by GPCRs
on Type II taste receptor cells. Sweet and umami tastes are mediated by type 1 taste
receptor (T1R) GPCRs (Montmayeur et al., 2001; Nelson et al., 2001, 2002; Li et al.,
2002; Zhao et al., 2003), while bitter tastes are detected by a family of ~30 GPCRs, the
type 2 taste receptors (T2Rs), most of which are expressed in the same subset of taste
receptor cells (Hoon et al., 1999; Adler et al., 2000; Chandrashekar et al., 2000; Bufe et
al., 2002). Unlike the T2Rs, which are active as monomers (Meyerhof, 2005; Mueller et
al., 2005), the T1Rs are only functional as heterodimers (Li et al., 2002; Nelson et al.,
2002). L-glutamate and 5’-ribonucleotides (umami compounds) signal through the
T1R1-T1R3 heterodimer (Nelson et al., 2002), while sweeteners activate T1R2-T1R3
heterodimers to initiate signaling (Li et al., 2002). Sour taste responses are not
mediated by GPCR signaling in Type II cells; rather, they are mediated by entry of
protons through a Zn2+-sensitive proton channel recently identified as OTOP1 in Type III
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taste cells (Chang et al., 2010; Tu et al., 2018). These intracellular protons
subsequently block the inwardly rectifying K+ channel KIR2.1 (Ye et al., 2016).
Transduction mechanisms mediating salty taste are the least understood of the
five basic taste qualities. The prototypical inducer of salty taste is NaCl; however, NaCl
can also elicit some sweet, bitter, and sour taste in dilute concentrations (Bartoshuk et
al., 1978). The taste confusion associated with NaCl taste adds complexity to the
traditional view of the chemosensory field, as each of the basic taste qualities are
thought to have unique mechanisms for their sensory reception. Various groups
studying salt taste have come to differing conclusions that the cation, the anion, and the
water of hydration of NaCl may all contribute to gustation (Beidler, 1953; Bartoshuk et
al., 1964; Lewandowski et al., 2016). An additional source of perplexity arises from the
multiple pathways involved in sensory reception of salts (Roper, 2015). These diverse
pathways appear to be concentration-specific, as low concentrations of salts can induce
appetitive responses, whereas high concentrations of salts elicit aversive responses.
The most well-established pathway mediating salt taste is the amiloride-sensitive
pathway (Heck et al., 1984; DeSimone and Ferrell, 1985). Amiloride is thought to block
epithelial sodium channels (ENaCs) in a dedicated population of taste cells, which are
possibly Type I taste cells, but this has yet to be unambiguously confirmed
(Vandenbeuch et al., 2008; Chandrashekar et al., 2010; Roper, 2015). However,
amiloride is unable to fully block salty taste, especially at high salt concentrations. To
account for this amiloride-insensitive salt taste, high salt concentrations have been
proposed to co-opt sour- and bitter-responsive cells to stimulate aversive pathways
(Oka et al., 2013; Lewandowski et al., 2016), implicating G protein signaling within Type
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II cells in the aversive response to high salt concentrations (Oka et al., 2013).
Additionally, recent work in transgenic mice lacking various components of GPCRmediated taste signaling has generated speculation that Type II cells may also be
involved in appetitive responses to moderate concentrations of NaCl (Damak et al.,
2006; Hisatsune et al., 2007; Tordoff et al., 2014); however, these finding have been
inconsistent (Wong et al., 1996; Zhang et al., 2003). The mechanism(s) whereby
moderate concentrations of NaCl may activate Type II taste cells is not yet clear, but
NaCl may activate a receptor sensitive to Na+ on Type II cells or these cells may
become active via communication from other Na+-responsive cell types (e.g., ENaC+
taste cells) (Tordoff et al., 2014).
Downstream signaling by taste GPCRs is thought to be mediated predominantly
by PLCβ2 and, subsequently, the TRPM5 channel (Zhang et al., 2003), leading
ultimately to ATP release (Bo et al., 1999; Finger et al., 2005; Murata et al., 2010).
Activation of PLCβ2 by T2R bitter taste receptors is mediated by a heterotrimeric G
protein complex containing a Ga subunit (Ga-gustducin or a related Ga subfamily
member), Gβ3, and Gγ13 (McLaughlin et al., 1992; Wong et al., 1996; Ming et al., 1998;
Huang et al., 1999; Kusakabe et al., 2000; Shindo et al., 2008). GPCR-mediated tastant
signaling is primarily transduced by Ga nucleotide exchange and release of the Gβγ
dimer, which in turn activates PLCβ2 to produce inositol 1,4,5-triphosphate (IP3) (Hwang
et al., 1990; Huang et al., 1999). IP3 causes calcium release from the endoplasmic
reticulum (Akabas et al., 1988) and, subsequently, activation of the TRPM5 channel
(Zhang et al., 2003). Opening of TRPM5 channels triggers membrane depolarization
and extracellular release of ATP through the calcium homeostasis modulator-1
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(CALHM1) ion channel (Finger et al., 2005; Taruno et al., 2013), which in turn activates
ATP-gated, ionotropic purinergic receptors (P2X2 and P2X3) on gustatory afferent
nerve fibers (Bo et al., 1999; Finger et al., 2005; Eddy et al., 2009; Kinnamon and
Finger, 2013; Vandenbeuch et al., 2015). ATP also functions as an autocrine factor to
further augment ATP release from Type II cells (Kinnamon and Finger, 2013).
Specifically, ATP activates metabotropic purinergic GPCRs (P2YRs) on Type II taste
cells themselves (Kataoka et al., 2004; Bystrova et al., 2006; Huang et al., 2009), acting
to potentiate ATP release. Extracellular ATP in the taste bud is also degraded by
NTPDase2 to adenosine (Vandenbeuch et al., 2013), which activates the A2B receptor
on Type II taste receptor cells to enhance ATP release in response to sweet taste
stimuli (Dando et al., 2012; Kataoka et al., 2012).
In Type II taste cell signaling, as in other GPCR signaling cascades, Gbg activity
is terminated when the intrinsic GTPase activity of Ga hydrolyzes GTP to GDP, causing
Gbg re-association and restoration of the heterotrimeric complex (Hoon et al., 1995;
Siderovski and Willard, 2005). Ga-gustducin, the most extensively characterized Ga in
the taste system, is closely related to the Ga-transducins (Gat(rod) and Gat(cone)) of rod
and cone photoreceptors (McLaughlin et al., 1992). All three of these Ga subunits have
similar intrinsic GTPase activity, which determines the lifetime of a Ga subunit in its
GTP-bound (active) form and, thus, the duration of Ga-dependent signal transduction.
For Ga-transducin subunits, as stated above, the large discrepancy in slow GTPase
activity in vitro and the rapid inactivation of phototransduction in vivo (Vuong and
Chabre, 1991; Angleson and Wensel, 1993) was resolved with the discovery of RGS
proteins (Druey et al., 1996; Siderovski et al., 1996; Watson et al., 1996), specifically
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RGS9 (Cowan et al., 1998; He et al., 1998; Makino et al., 1999). Thus, it is very likely
that tastant signal transduction, which involves Ga-gustducin and other Ga subunits, is
similarly regulated by an RGS protein.

1.3.2 – Regulator of G Protein Signaling-21 (RGS21) in taste physiology
The smallest and most recently identified member of the R4 subfamily of RGS
proteins is RGS21 (von Buchholtz et al., 2004). RGS21 is only 152 amino acids, with
~120 amino acids accounting for the established RGS box and probably conferring GAP
activity without receptor specificity (von Buchholtz et al., 2004; Li et al., 2005). In 2004,
von Buchholtz et al. identified Rgs21 from isolated rat foliate and fungiform papillae (von
Buchholtz et al., 2004), which are small projections in the oral cavity containing taste
buds, and reported that Rgs21 expression is restricted to taste tissue — specifically, a
subpopulation of taste cells within all types of taste buds (foliate, fungiform,
circumvallate, and palate) (von Buchholtz et al., 2004). Double-label in situ hybridization
revealed that Rgs21 is co-expressed with transcript of tastant-responsive GPCRs and
that virtually all cells expressing Rgs21 co-expressed Plcb2, a key component of
GPCR-mediated taste signaling. Shortly after the initial identification of RGS21, the
mRNA transcript was found to be ubiquitously present in all human tissues tested (Li et
al., 2005). To reconcile these findings in rats and humans, differential roles for RGS21
was suggested in different species (Woodard et al., 2015). However, re-analysis of
human tissue, subsequent to the original analysis by Li and colleagues (Li et al., 2005),
found RGS21 transcript expression to be restricted to tastant-responsive tissue (Cohen
et al., 2012; Kimple et al., 2014). Additionally, the Siderovski lab created Rgs21::RFP
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transgenic mouse and surveyed RFP expression in various tissues, including tongue,
trachea, lung, intestine, and liver, using immunohistochemistry (Cohen et al., 2012;
Kimple et al., 2014). RFP detection revealed robust Rgs21 promoter activity in taste
cells of the circumvallate papillae; consistent with the report of von Buchholtz and
colleagues, no other tissue from the Rgs21::RFP transgenic mouse displayed
detectable levels of RFP immunoreactivity (von Buchholtz et al., 2004; Cohen et al.,
2012; Kimple et al., 2014). In addition to being expressed in gustatory tissue, RGS21 is
also found to be present in tissues with extra-oral taste receptors, such as the sinonasal
mucosa (Kimple et al., 2014).
Biochemical analyses have confirmed that purified RGS21 protein acts as a
promiscuous GAP for multiple different Ga subunits of the Gai/o and Gaq subfamilies,
including Ga-gustducin and others involved in tastant signal transduction (Cohen et al.,
2012; Kimple et al., 2014). Measuring the separate effects of RGS21 overexpression
and shRNA-mediated knockdown in the tastant-responsive, immortalized human
bronchial epithelial cell line 16HBE (i.e., a cell line that natively expresses bitterreceptive T2Rs and the necessary downstream signaling components) confirmed that
RGS21 acts, at least in cell culture, to oppose bitter signaling to calcium second
messenger changes (Cohen et al., 2012), consistent with its demonstrable Ga-directed
GAP activity in vitro (Figure 1.4). The following dissertation was therefore developed to
address the idea of RGS21 as a potential taste reception-specific regulator in vivo.
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Figure 1.4. Simplified model of the Gα·GDP/Gα·GTP cycle controlled by tastantresponsive GPCRs.

The Gbg heterodimer serves to couple Ga to the receptor and to prevent spontaneous
GDP dissociation. Tastant binding to the taste receptor stimulates signal onset by acting
as a guanine nucleotide exchange factor (GEF) for Ga subunits, stimulating GDP
release, subsequent binding of GTP, and release of the Gbg dimer. Both Ga and Gbg
are then free to interact with effectors, such as phosphodiesterase and PLCb2, thereby
modulating the levels of second messengers as indicated. Regulator of G protein
Signaling (RGS) proteins, like RGS21, are known to stimulate signal termination by
acting as GTPase-accelerating proteins (GAPs) for Ga subunits (Druey et al., 1996;
Siderovski et al., 1996; Watson et al., 1996). Prior work suggests that RGS21 acts in
this Ga·GDP/Ga·GTP cycle in opposition to activated T2R bitterant receptors, at least in
vitro in tastant-responsive human epithelial cells (Cohen et al., 2012).
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2.1 – Abstract
The mammalian tastes of sweet, umami, and bitter are initiated by activation of G
protein-coupled receptors (GPCRs) of the T1R and T2R families on taste receptor cells.
GPCRs signal via nucleotide exchange and hydrolysis, the latter hastened by GTPaseaccelerating proteins (GAPs) that include the Regulators of G protein Signaling (RGS)
protein family. We previously reported that RGS21, uniquely expressed in Plcb2+ taste
receptor cells, decreases the potency of bitter-stimulated T2R signaling in cultured cells,
consistent with its in vitro GAP activity. However, the role of RGS21 in organismal
responses to GPCR-mediated tastants was not established. Here, we characterized
mice lacking the Rgs21 fifth exon. Eliminating Rgs21 expression had no effect on body
mass accumulation (a measure of alimentation), fungiform papillae number and
morphology, circumvallate papillae morphology, and taste bud number and size. Twobottle preference tests, however, revealed that Rgs21-null mice have blunted aversion
to quinine and denatonium, and blunted preference for monosodium glutamate, the
sweeteners sucrose and SC45647, and NaCl. Observed reductions in GPCR-mediated
tastant responses upon Rgs21 loss are opposite to original expectations, given that loss
of RGS21 -- a GPCR signaling negative regulator -- should lead to increased
responsiveness to tastant-mediated GPCR signaling (all else being equal). Yet, reduced
organismal tastant responses are consistent with observations of reduced chorda
tympani nerve recordings in Rgs21-null mice. Reduced tastant-mediated responses and
behaviors exhibited by adult mice lacking Rgs21 expression since birth have thus
revealed an underappreciated requirement for a GPCR GAP to establish the full
character of tastant signaling.

Key words: Gustatory, mouse, regulator of G protein signaling-21 (RGS21), taste buds,
taste perception
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2.2 – Introduction
Taste perception is initiated by clusters of cells in the oral cavity known as taste
buds. Type II taste receptor cells within taste buds express the chemosensory
transduction proteins responsive to stimuli for the mammalian tastes of sweet, bitter,
and umami (Clapp et al. 2004; DeFazio et al. 2006; Zhang et al. 2003). Stimuli for sweet
and umami tastes are detected by the T1R family of G protein-coupled receptors
(GPCRs) (Li et al. 2002; Nelson et al. 2001; Nelson et al. 2002; Zhao et al. 2003), while
stimuli for bitter tastes are detected by a family of approximately 30 GPCRs, the T2Rs,
most of which are expressed in the same subset of taste bud cells (Adler et al. 2000;
Bufe et al. 2002; Chandrashekar et al. 2000). Downstream signaling by both T1R and
T2R receptors in Type II taste cells is typically mediated by activation of a heterotrimeric
G protein complex composed of Gagustducin (a.k.a. a-gustducin), Gb3, and Gg13 (Huang et
al. 1999; McLaughlin et al. 1992; Ming et al. 1998; Wong et al. 1996). GPCR-mediated
tastant signaling is primarily transduced by Ga nucleotide exchange and release of the
Gbg dimer, which in turn activates phospholipase C beta2 (PLCb2) and, subsequently,
the TRPM5 channel (Huang et al. 1999; Zhang et al. 2003). Opening of TRPM5
channels triggers membrane depolarization and extracellular release of ATP through
the CALHM1 ion channel (Finger et al. 2005; Taruno et al. 2013), which in turn activates
ATP-gated, ionotropic P2X2 and P2X3 receptors on gustatory afferent nerve fibers (Bo
et al. 1999; Kinnamon and Finger 2013; Vandenbeuch et al. 2015b) and also
metabotropic P2Y receptors on the Type II and Type III taste cells themselves (Bystrova
et al. 2006; Huang et al. 2009; Kataoka et al. 2004).
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Tastants, upon binding to T1R or T2R GPCRs, induce guanine nucleotide exchange
on the underlying heterotrimeric G protein complex to release Gbg from the Ga subunit
(a-gustducin or a related Ga subfamily member) (Hoon et al. 1995; Kusakabe et al.
2000; Ruiz et al. 2003; Shindo et al. 2008; Tizzano et al. 2008; Wong et al. 1996). As in
other conventional GPCR signaling cascades, signaling of taste receptor cells as
initiated by freed Gbg is terminated when the intrinsic GTPase activity of the Ga subunit
hydrolyzes GTP to GDP, causing Gbg re-association and thus restoration of the
heterotrimeric G protein complex (reviewed in Palmer 2007; Siderovski and Willard
2005). In this way, downstream taste signal transduction is critically regulated by the
rate of GTP hydrolysis by the Ga subunit.
Alpha-gustducin is most closely related structurally to the transducin subunits Gat(rod)
and Gat(cone) found within rod and cone photoreceptors, respectively (McLaughlin et al.
1992). All three Ga subunits have similar (and slow) intrinsic GTPase activity, which
determines the lifetime of a Ga subunit in its GTP-bound (active) form and, thus, the
duration of heterotrimeric G protein-based signal transduction. For a-transducin
subunits, a large discrepancy was observed early on between their slow observed
GTPase activity in vitro and the rapid inactivation of phototransduction in vivo (Angleson
and Wensel 1993). This timing paradox was resolved upon discovery of the Regulator
of G protein Signaling (RGS) proteins (Druey et al. 1996; Koelle and Horvitz 1996;
Siderovski et al. 1996) (reviewed in Kimple et al. 2011), which accelerate the rate of
GTP hydrolysis by Ga subunits like a-transducin in vitro (He et al. 1998) and in vivo
(Chen et al. 2000). Thus, it is very likely that tastant signal transduction, which involves
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a-gustducin and other Ga subunits, is similarly regulated by RGS-mediated GTPaseaccelerating protein (GAP) activity.
von Buchholtz and colleagues identified a putative Rgs gene transcript, Rgs21, from
isolated rat foliate and fungiform papillae (von Buchholtz et al. 2004). In probing
different rat tissues, these authors found that Rgs21 expression is restricted to taste
tissue (von Buchholtz et al. 2004) -- specifically in a subpopulation of taste cells within
all types of taste papillae (foliate, fungiform, circumvallate (CV), and palate).
Furthermore, double-label in situ hybridization experiments revealed that virtually all
cells expressing Rgs21 in rat lingual tissue also co-express Plcb2, suggesting that
Rgs21 is expressed exclusively in Type II taste receptor cells (von Buchholtz et al.
2004). Our subsequent biochemical analyses confirmed that purified RGS21 protein
acts as a promiscuous GAP for multiple different Ga subunits of the Gai/o and Gaq
subfamilies, including a-gustducin and others involved in tastant signal transduction
(Cohen et al. 2012; Kimple et al. 2014).
We demonstrated that Rgs21 is not only endogenously expressed in mouse taste
buds, but is also expressed in primary airway epithelial cells known to express other
components of the tastant signaling cascade (Cohen et al. 2012; Kimple et al. 2014).
Measuring the separate effects of RGS21 over- and under-expression in the tastantresponsive, immortalized human epithelial cell line 16HBE confirmed that RGS21 acts,
in cell culture, to oppose bitter signaling to calcium second messenger changes (Cohen
et al. 2012), consistent with its demonstrable Ga-directed GAP activity in vitro.
However, it remained unclear what role(s), if any, RGS21 plays in integrated tastant
responses emanating from lingual tissue upon exposure to one of the three GPCR-
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mediated taste modalities of sweet, umami, and bitter. Here, we describe the
characterization of a mouse strain constitutively deficient in Rgs21 expression, including
two-bottle choice tests for any altered preference/avoidance of umami (MSG), sweet,
and bitter compounds; these behavioral findings were supported with complementary
gustatory electrophysiology studies.
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2.3 – Materials & methods
2.3.1 – Subjects and maintenance
All experiments involved Rgs21 wild-type and knockout mice; the latter mice lacked
Rgs21 expression in a constitutive fashion, as described below. First, a conditional
knockout of the Rgs21 gene was produced directly in the C57BL/6 background by
genOway (Lyon, France). It involved insertion of loxP sites on either side of Rgs21 exon
5 (which encodes the final 67 amino-acids of the 152-amino acid RGS21 open-reading
frame), as well as a neomycin-resistance gene (neo) flanked by “flippase recognition
target” (FRT) sites, by homologous recombination in C57BL/6 embryonic stem cells.
Drug-selected embryonic stem cells, with PCR and Southern blot evidence of
homologous recombination, were subsequently injected into C57BL/6 blastocysts.
Resulting chimeric male mice were crossed with females from the genOway proprietary
ubiquitous Flp recombinase expressing mice for in vivo removal of the FRT-flanked neo
selection cassette. F1 heterozygous Rgs21fl/+ mice devoid of the neo selection cassette
were delivered by genOway to the Siderovski lab at WVU.
This conditional ‘floxed’ Rgs21 knockout strain was maintained at WVU by
backcrossing to the C57BL/6J strain. For this study, to obtain constitutive Rgs21-null
mice, the ‘floxed’ Rgs21 mice were crossed with an ubiquitous Cre recombinase driver
strain [B6.C-Tg(CMV-cre)1Cgn/J; JAX 006054] to generate Rgs21D5/+ mice. These
Rgs21D5/+ mice were bred together to generate Rgs21D5/D5 (i.e., Rgs21-null) mice and
Rgs21+/+ (i.e., wild-type) littermate control mice. Genotyping was performed via PCR
using ear-snip tissue-derived genomic DNA and the following primer pairs: Shared
Rgs21 allele forward primer 5’-CTGCCTTTGGGAAGCTTATG-3’ (nts. 144520871 –
144520890 of GenBank NC_000067.6 [C57BL/6J chromosome 1]) with either wild-type
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Rgs21 allele reverse primer 5’-TGGTATGGTGGTGGTGTTGT-3’ (nts. 144520654 –
144520673

of

NC_000067.6)

or

with

Rgs21D5

allele

reverse

primer

5’-

CATTTCAGGGTTTGGAAAAGTT-3’ (nts. 144519608 – 144519629 of NC_000067.6).
Mice used in this study were maintained in a vivarium at 23 °C on a 12h/12h
light/dark cycle with lights off at 6 PM. They were housed in Allentown mouse cages
(194 × 181 × 398 mm) with wire bar lids and corncob bedding, along with crinkled paper
scattered on the floor for environmental enrichment. The mice had ad libitum access to
Teklad Global 18% Protein Rodent Diet (Envigo, Inc.) and water (except during
exposure tests, see below). Pups were weaned at 21 days and initially housed in
groups of the same sex. Body mass was initially recorded at weaning and subsequently
every 2 weeks until mice were 9 weeks of age. All mice were at least 9 weeks old prior
to subsequent animal testing. Mice used for gustatory electrophysiology were shipped
from WVU to Dr. Vandenbeuch’s laboratory at UC-Denver in Aurora, Colorado and
allowed at least a week to recover before being tested. All procedures were approved
by the Institutional Animal Care and Use Committee of the West Virginia University
Health Sciences Center. Gustatory electrophysiological studies were also approved by
the Animal Care and Use Committee of UC-Denver Anschutz Medical Campus.

2.3.2 – RNA extraction
Tongues were excised from mice euthanized with Fatal-Plus® in accordance with
guidelines from the National Institute of Health and with approval from the West Virginia
University IACUC. After treatment with an enzyme cocktail consisting of Dispase (3
mg/mL; Gibco) and Elastase (2.5 mg/mL; Worthington) in Tyrode’s solution for 17 min,
the epithelium was peeled from the underlying tissue. Gustatory tissue was isolated
from the CV and non-gustatory tissue was isolated from equivalent-sized, non-taste
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epithelial tissue surrounding the CV prior to being flash frozen for subsequent RNA
extraction. Tissue was homogenized in TRIzol reagent (Invitrogen™) using a bench top
rotor stator. RNA was extracted according to manufacturer’s instructions using the
Direct-zol™ RNA MiniPrep kit from Zymo Research. Reverse transcription and genomic
DNA elimination was performed using the QuantiTect Reverse Transcription Kit from
Qiagen.

2.3.3 – Real-time quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)
qRT-PCR was performed to compare the expression levels of 18S rRNA and Rgs21
mRNA in Rgs21D5/D5 mice and Rgs21+/+ littermate controls. Additionally, transcript levels
of taste cell-specific markers were also assessed: ecto-nucleoside triphosphate
diphosphohydrolase 2 (Entpd2) for Type I cells; transient receptor potential cation
channel subfamily M member 5 (Trpm5), phospholipase C β2 (Plb2), and calcium
homeostasis modulator 1 (Calhm1) for Type II taste receptor cells; and synaptosomalassociated protein 25 (Snap25) for Type III cells. RNA extraction was performed as
above. Two microliters of cDNA were used in each PCR reaction using the QuantiTect
SYBR Green PCR Master Mix (Qiagen). RT² qPCR Primer Assay for Mouse 18S rRNA
was purchased from Qiagen. Primers (10 µM) were designed for Rgs21 mRNA
(spanning

exons

4-5)

sequence

elements

(fwd

primer:

5’-

TCGTAGCTGATGCACCAAAA-3’; rev primer 5’-TACAGGAAAGGCAGCCATCT-3’) and
purchased from ThermoFisher Scientific. Primer sequences for taste cell-specific
markers were described previously (Huang et al. 2011; Taruno et al. 2013) and were
purchased from ThermoFisher Scientific. PCR was performed (initial 15 min
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denaturation at 95°C followed by 40 cycles of 15 s denaturation at 95°C, 30 s annealing
at 60°C, and 30 s extension at 72°C) in a Qiagen Rotor Gene-Q system. We utilized the
SYBR green dye qPCR technique to detect double-stranded PCR amplicons as they
accumulated during PCR cycling. Melting curves were obtained after each qRT-PCR
experiment to assure specificity of resultant amplicons.

2.3.4 – Tongue morphology
To assess general tongue morphology and number of fungiform papillae, tongues
were dissected from Rgs21+/+ and Rgs21Δ5/Δ5 mice and briefly placed in 1% methylene
blue (Ricca Chemical Co.). Tongues were then briefly rinsed in phosphate buffered
saline. Methylene blue stains fungiform papillae more lightly than surrounding tissue,
facilitating the quantification of taste papillae (Barnett et al. 2010). Images of the anterior
dorsal surface of the tongue were taken using an Olympus SZX7 bright-field dissecting
microscope with a Q-Fire CCD camera (Olympus America, Inc.). To ensure accuracy of
scoring, two blinded investigators independently counted the number of fungiform
papillae using the counter tool from ImageJ software to count and record all visible
papillae on the anterior dorsal tongue. Subsequently, the independent counts were
averaged. Images of the posterior tongue were also imported into ImageJ software to
quantify the apical area of the CV papilla on each of these tongues. The freehand tool in
ImageJ was used to trace around the interior wall of the papilla to quantify the total area
of the papilla. Statistical analyses using unpaired Student’s t tests were applied to
determine whether differences in fungiform number and apical CV area were significant
between genotypes.
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2.3.5 – Immunohistochemistry
Tongues were excised from adult mice and placed in optimum cutting temperature
(OCT) embedding compound (Sakura Finetech) prior to being flash frozen. Transverse
sections (8-μm thick) of tongue containing the CV papilla were sliced using a cryostat
and placed on Superfrost™ Microscope Slides (Fisherbrand™). Tissues sections were
stained with hematoxylin and eosin (H&E) and examined under a bright-field
microscope

(EVOS

FL

Auto).

To

assess

taste

bud

number

and

size,

immunohistochemistry was performed on CV papillae sections using the Troma-1
antibody (Developmental Studies Hybridoma Bank [DSHB]). The Troma-1 antibody has
previously been characterized as specific using keratin-8 and -18 deficient mice (Tao et
al. 2003). The Troma-1 antibody was used to label keratin-8, an intermediate filament
protein in mature taste bud cells, to identify the boundary of taste buds (Toh et al. 1993;
Zhang et al. 1995); Troma-1 has been shown to label taste bud cells with no labeling of
stratified epithelium of the papilla wall (Liebl et al. 1999; Okubo et al. 2006; Seki et al.
2007). General labeling of taste bud cells with Troma-1 allowed for subsequent
quantification of taste bud number and size. Tissue sections were fixed in 4%
paraformaldehyde for 10 min at room temperature; membranes were then
permeabilized in PBS with 0.05% Triton-X100 for 10 min on ice. After blocking by
incubation of slides for 60 min in PBS containing 5% goat serum at room temperature,
sections were incubated at 4°C overnight with Troma-1 primary antibody (1:50). The
following day, slides were incubated with Alexa Fluor-555-conjugated anti-mouse
secondary antibody (1:500; Molecular Probes) for 60 minutes at room temperature.
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Slides were cover-slipped with Vectashield Hardset Mounting Media containing DAPI.
Images were acquired using a Zeiss Violet Confocal microscope in the West Virginia
University Microscope Imaging Facility, supported by the WVU Cancer Institute and NIH
grants P30GM103488 and P20GM103434. Two blind, independent investigators used
ImageJ software to quantify the taste bud number and area from these images. Taste
bud number was counted on at least four sections per CV, with 80 µm between
sections, from four separate mice using the ImageJ counter tool to avoid double
counting buds. The ImageJ freehand tool was used to trace around the exterior of the
cluster of each individual Troma-1-labeled taste bud to quantify the area of each taste
bud. Each mouse had the area of all taste buds in the CV averaged. Statistical analyses
using unpaired Student’s t tests were applied to determine whether differences in taste
bud number or taste bud area were significant between genotypes.

2.3.6 – In situ hybridization
Tongue tissue sections from both genotypes of mice were provided to the Baylor
College of Medicine’s RNA In Situ Hybridization Core which performed non-radioactive,
RNA in situ hybridization (ISH) using Trpm5 sense and antisense probes and a highthroughput protocol as previously described (Yaylaoglu et al. 2005). Images were
acquired using a Zeiss Violet Confocal microscope, as stated above for IHC.

2.3.7 – Two-bottle choice tests
Two-bottle choice tests were conducted in large Thoren mouse cages (30.80 cm x
40.60 cm x 15.88 cm). Individually housed mice were given access to two bottles
containing autoclaved distilled water for 48 h prior to beginning all choice testing. Fluid
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was available through sipper spouts attached to 50-mL CorningÔ conical-bottom
centrifuge tubes, placed in separate bottle access slots on opposite sides of the food
bin. Following the initial 48-h presentation of two bottles of water, mice were assessed
over 48 h in tests with a choice between distilled water and ascending concentrations of
a taste compound. The positions of the bottles were switched daily, and the fluid intakes
were measured to the nearest 0.1 g by weighing the drinking bottles on an electronic
balance. Preference ratio was calculated as volume of tastant solution consumed
divided by volume of total solution consumed. The taste compounds were chosen as
exemplars of the sweet, bitter, umami, salty, and sour taste qualities, and their
concentrations spanned the range between indifference and marked acceptance or
avoidance (Sucrose - 2.9, 14.6, 29.2, 58.5, and 292.4 mM; SC45647 - 0.003, 0.01, 0.03,
0.1, 0.3, and 1 mM; Denatonium Benzoate - 0.01, 0.1, 0.3, 1, and 5 mM; Quinine
Sulfate - 0.003, 0.01, 0.03, 0.1, 0.3, 0.6, and 1 mM; Monosodium Glutamate [MSG;
containing 10 μM amiloride to block the taste of sodium] – 1, 10, 30, 100, 300, 600, and
1000 mM; NaCl - 18.75, 37.5, 75, 150, 300, and 600 mM; HCl - 0.1, 1, 10, and 30 mM).
Mice naïve to the two-bottle choice assay were used to assess NaCl taste preference.
The mice were socially housed for 7 days between each test series. At least 6 mice per
genotype were assessed at each concentration of taste solution. Results were analyzed
using a two-way ANOVA (genotype × concentration) with a Sidak multiple comparisons
test (GraphPad Prism 7).

2.3.8 – Nerve recording
Chorda tympani nerve recordings were performed as previously described
(Vandenbeuch et al. 2015a). Briefly, mice were anesthetized with urethane (2 g/kg),
maintained in a head holder, and trachea cannulated to facilitate breathing. The chorda
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tympani nerve was exposed using a ventral approach, freed from surrounding tissue
and cut near the tympanic bulla. The nerve was then placed on a platinum-iridium wire
and a reference electrode was placed in a nearby tissue. The signal was fed to an
amplifier (P511; Grass Instruments), integrated, and recorded using AcqKnowledge
software (Biopac). For chorda tympani recordings, a total of 7-10 Rgs21 D5/D5 mice and
7-9 wild-type littermate control mice were used. The fungiform papillae were stimulated
with different tastants (applied for 30 s and then rinsed with water for 40 s) with a
constant flow pump (Fisher Scientific). Each series of stimuli consisted of: 100 mM
NH4Cl, 100 mM MSG + 0.5 mM inosine monophosphate (IMP), 10 mM quinine, 500 mM
sucrose, 5 mM SC45657, 100 mM NaCl, 10 mM HCl, 10 mM citric acid (CA), and a
second application of 100 mM NH4Cl. Stimuli were randomly applied between the two
NH4Cl applications; each series was repeated 2-3 times on each animal. To analyze the
data, the amplitude of each integrated response was averaged over the 30-s application
using AcqKnowledge software. Since no significant difference was observed between
the separate NH4Cl responses at the beginning and at the end of each series (paired
Student’s t test; p > 0.05), each tastant’s responses were normalized to the average
amplitude of NH4Cl applications. Responses to each stimulus were averaged per animal
and compared between Rgs21+/+ and Rgs21 D5/D5 mice with an unpaired Student’s t test
(GraphPad Prism 7). The grand mean was calculated and represented in Figure 6B.
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2.4 – Results
2.4.1 – Development of Rgs21-null mice
PCR amplification was used to determine the genotype of Rgs21+/+ and Rgs21 D5/D5
mice. Specific primers, designed around the floxed exon 5 portion of Rgs21, were used
to discriminate between mice with unexcised (Rgs21+/+) and excised (Rgs21 D5/D5)
genomic DNA (Figure 1). Real-time quantitative RT-PCR was used to confirm that
Rgs21 mRNA expression is observable in tongue tissue and enriched in CV tissue, but
absent in non-gustatory epithelial tissue (Figure 1E). Additionally, Rgs21 D5/D5 mice lack
the Rgs21 mRNA expression observable in Rgs21+l+ whole tongue and CV tissues
(Figure 1E).
[Location of Figure 1]
Rgs21D5/D5 mice were observed to be grossly phenotypically normal and, when bred
from Rgs21D5/+ x Rgs21 D5/+ crosses, were born in a normal Mendelian ratio of 1:2:1. In
addition, Rgs21D5/D5 mice exhibited no differences in body weight gain compared with
Rgs21+l+ littermates (Figure 2). These latter data suggest that no appetitive changes to
regular nutritional sources (e.g., cage-delivered chow and water) occur upon the loss of
Rgs21 expression.
[Location of Figure 2]
2.4.2 – Normal lingual histology and complement of taste cell-specific markers in
Rgs21-null mice
To assess any changes to tastant-responsive lingual tissue composition and/or
morphology, we first assessed general taste papillae morphology of methylene blue
stained Rgs21+/+ and Rgs21D5/D5 tongues. WT and Rgs21-null mice had an equivalent
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number of fungiform papillae on the anterior tongue (Figure 3A-C). Additionally, the
apical size of the CV was similar between WT and Rgs21-null mice (Figure 3D-F).
[Location of Figure 3]
The CV was also stained with hemotoxylin and eosin to assess qualitatively CV and
taste bud morphology (Figure 2.4A-B). Taste bud and CV cross-sectional morphology
appeared equivalent between Rgs21-null mice and wild-type littermate controls. To
highlight taste buds, cross-sections of CV from Rgs21+/+ and Rgs21D5/D5 were also
labeled with anti-keratin-8 (“Troma-1”; Figure 2.4D-E). To determine whether the overall
quantity of tastant-receptive tissue is altered in the absence of Rgs21, the number and
size of taste buds in each section were quantified using Troma-1 staining. Rgs21D5/D5
taste buds did not differ from Rgs21+/+ taste buds in number or size (Figure 4C,F),
suggesting mice lacking Rgs21 develop taste-receptive lingual tissue normally.
Furthermore, in situ hybridization for the Type II taste receptor cell marker Trpm5
revealed no differences between genotypes (e.g., Figure 4G-I); quantitative RT-PCR
detection of Trpm5 mRNA and transcripts of other taste cell markers (Plcb2, Calhm1 for
Type II cells, Entpd2 for Type I cells, and Snap25 for Type III cells) within taste
epithelium isolated from the CV also revealed no differences in expression between
genotypes (Figure 2.4J).
[Location of Figure 2.4]
2.4.3 – Reduced responsiveness in two-bottle choice tests
Rgs21+/+ and Rgs21D5/D5 mice underwent two-bottle choice testing to determine if
Rgs21 contributes to the in vivo response to tastants sensed by GPCR taste receptors,
i.e., tastants described as bitter, sweet, or umami. Rgs21-null mice showed a lack of
aversion to quinine sulfate (Figure 2.5A) and a reduced aversion to denatonium
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benzoate (Figure 2.5B), tastants representing the bitter taste quality, which are
mediated by the T2R family of GPCRs. Additionally, Rgs21D5/D5 mice revealed reduced
preference towards the sweetener sucrose (Figure 2.5C). To ensure that the postingestive influence of sucrose is not influencing the altered response observed with
Rgs21-null mice, we also tested preference for the non-caloric sweetener SC45647.
Rgs21D5/D5 mice also showed reduced preference for SC45647 (Figure 2.5D). To assess
whether umami taste is altered in Rgs21D5/D5 mice, we measured two-bottle choice using
MSG. The preference for MSG was blunted in Rgs21-null mice, as they did not reach a
peak preference ratio equivalent to that of wild-type mice (Figure 2.5E). All MSG
solutions contained 10 μM amiloride to block the effects of the sodium ion. Surprisingly,
Rgs21D5/D5 mice lacked the appetitive response to moderate concentrations of NaCl
seen in wild-type mice (Figure 2.5F), but showed no change in aversion to the sour
tastant hydrochloric acid (Figure 2.5G).
[Location of Figure 5]
2.4.4 – Blunted responses in chorda tympani nerve recordings
To test whether Rgs21 loss affected the acute phase of taste responses post-lingual
tissue engagement, we used Rgs21D5/D5 mice and Rgs21+l+ control littermates to
perform chorda tympani whole-nerve recordings while stimulating the tongue with
various taste stimuli. As shown in Figure 6, no significant difference was observed
between the two mouse strains in the amplitude of responses to the sour tastants HCl
and citric acid, as normalized to the average responses to NH4Cl recorded at the
beginning and ending of the tastant series. In contrast, significantly depressed
responses were seen in Rgs2D5/D5 mice for exposures to the bitterant quinine, the two
sweeteners tested (sucrose and SC45647), and the joint application of two umami
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tastants (i.e., MSG and IMP; Figure 6B). In contrast to the behavioral response (Fig.
2.5F), a significant difference was not found for Rgs21

5/ 5

mice in response to 100 mM

NaCl. However, the remainder of these data are consistent with the overall behavioral
responses (i.e., reduction of GPCR-mediated events, but not sour signaling; Figure 2.5)
and thereby suggest that Rgs21 functions at the level of peripheral taste input in these
taste qualities. While Rgs21 expression is thought to be limited to lingual (and airway)
gustatory tissue (Cohen et al. 2012; Kimple et al. 2014; von Buchholtz et al. 2004),
blunted preference towards moderate concentrations of NaCl may instead be the result
of altered post-ingestive factors, hedonics, and/or central integration caused by Rgs21
loss.
[Location of Figure 6]
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2.5 – Discussion
The principal finding of this study is that Rgs21 expression, shown previously to be
localized exclusively in cells expressing markers found in Type II taste cells (Cohen et
al. 2012; von Buchholtz et al. 2004), is required for establishing the normal
responsiveness of the mouse gustatory system to tastants that signal through GPCRs.
Microscopy of tongues from Rgs21D5/D5 mice revealed apparently normal fungiform and
circumvallate papillae; taste bud size and number within the CV also did not differ
between wild-type and Rgs21-null mice (Figs. 2.3 & 2.4). The distribution of Trpm5+
cells and levels of other taste cell-specific transcripts, representing all three taste cell
types, are unchanged in lingual tissue from Rgs21D5/D5 mice, demonstrating the
presence of all taste cell types. These findings suggest that the reduced GPCRmediated (and salt) taste responsiveness of Rgs21D5/D5 mice is unlikely to be explained
by an abnormal development of lingual chemosensory tissue.
Observations of reduced responsiveness to bitter, sweet, and umami tastants upon
Rgs21 loss run opposite to prior expectations built upon the general knowledge of RGS
protein function as negative regulators of GPCR signaling (Lambert et al. 2010;
Siderovski and Willard 2005; Woodard et al. 2015); moreover, these present
observations from characterizing Rgs21D5/D5 mice run counter to our prior finding that
acute Rgs21 knockdown in tastant-responsive epithelial cells leads to amplified
intracellular second messenger responses upon exposure to bitter compounds (Cohen
et al. 2012). Based centrally on the fact that RGS proteins like RGS21 accelerate
inactivation of GPCR-activated Ga subunits (Berman et al. 1996; Cohen et al. 2012;
Kimple et al. 2014; Snow et al. 1998; Watson et al. 1996), the absence of Rgs21 is
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expected to prolong, and therefore potentiate, the signaling of agonist-occupied
GPCRs, such as the tastant-responsive T1Rs and T2Rs of taste receptor cells (Adler et
al. 2000; Bufe et al. 2002; Chandrashekar et al. 2000; Li et al. 2002; Nelson et al. 2001;
Nelson et al. 2002; Zhao et al. 2003). GPCR-targeting tastants should be more potent
upon Rgs21 loss, and thus we originally expected to observe a leftward shift in the
dose-response curves for sweet/umami preference and bitter avoidance in Rgs21-null
mice compared with wild-type littermates. Instead, a rightward shift was seen for
preference to sucrose, SC45647, and monosodium glutamate, and for aversion to the
bitter compounds quinine and denatonium. However, as expected, Rgs21D5/D5 mice
showed no change in aversion to hydrochloric acid (Figure 2.5G), a tastant representing
the sour taste quality. Sour taste responses are not mediated by GPCR signaling;
rather, they are mediated by a Zn2+-sensitive proton conductance in Type III taste cells,
which blocks the inwardly rectifying K+ channel KIR2.1 (Chang et al. 2010; Tu et al.
2018; Ye et al. 2016).
An additional surprising observation was that Rgs21D5/D5 mice had a reduced
appetitive response to moderate concentrations of NaCl (37.5 – 150 mM; Figure 2.5F).
While recent work has suggested that bitter-responsive taste cells mediate a portion of
the aversive response to high NaCl concentrations (Oka et al. 2013), appetitive
responses to moderate NaCl concentrations are thought to be mediated by a separate
population of amiloride-sensitive taste cells, independent of Type II and III taste cells
(Chandrashekar et al. 2010; Vandenbeuch et al. 2008). Others have suggested that
amiloride-sensitive taste cells may transduce salt taste information to the afferent nerve,
at least in part, via GPCR-mediated communication with Type II cells (Tordoff et al.
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2014). However, evidence of GPCR signaling in Type II taste cells mediating the
appetitive response to moderate NaCl concentrations has been inconsistently observed
(Damak et al. 2006; Hisatsune et al. 2007; Wong et al. 1996; Zhang et al. 2003).
Additionally, Rgs21D5/D5 mice were not observed to have a statistically significant
reduction of their CT nerve responses to 100 mM of NaCl, casting doubt on this
hypothesized mechanism of amiloride-sensitive transmission. The reduced preference
for moderate NaCl concentrations shown by Rgs21D5/D5 mice may therefore result from
altered post-ingestive influences, including possible alterations to the renin-angiotensin
system (Bachmanov et al. 2002; Sakamoto et al. 2016). This possibility is currently
under investigation.

Does loss of Rgs21 lead to desensitization of the GPCR-mediated taste system?
Based upon the conventional function of RGS proteins, as well as our prior in
vitro findings in tastant-responsive epithelial cells, loss of RGS21 in taste receptor cells
is expected to result in prolonged signaling of taste GPCRs and, subsequently, a
prolonged elevation of ATP release. Reduced responsiveness towards GPCR-mediated
tastants in Rgs21D5/D5 mice may be explained by desensitization at the level of the taste
receptor and/or downstream signaling components. Hyperactivity of GPCRs commonly
leads to phosphorylation and subsequent desensitization and down-regulation of the
receptor (Freedman and Lefkowitz 1996; Luttrell and Lefkowitz 2002; Rajagopal and
Shenoy 2018). In the event that elevated signaling upon Rgs21 loss does not
desensitize the taste receptor cell directly, prolonged elevation of ATP release could
desensitize downstream purinergic receptors, including those on the gustatory nerve
fiber (North 2002); there is precedence for desensitization and loss of taste
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responsiveness with elevated extracellular ATP levels caused by genetic ablation (e.g.,
of the ectonucleotidase NTPDase2; Vandenbeuch et al. 2013).

Precedence of bidirectional effects on GPCR signaling upon RGS protein loss
In addition to the potential for Rgs21 loss to lead to desensitization, there is
additional emerging evidence in the literature for bidirectional regulation of GPCR
signaling by RGS proteins. For example, we used siRNA-mediated ‘knock-down’ of
each of the 17 different RGS proteins expressed in HEK293 cells to examine the effects
of RGS protein deficiency on endogenous GPCR-mediated cellular signaling (Laroche
et al. 2010). Consistent with the original model wherein RGS protein deficiency
increases GPCR agonist-mediated signaling, we found that RGS11 knockdown
increased maximal muscarinic receptor-induced calcium flux (Laroche et al. 2010). The
same effect was observed for knockdown of RGS2 on PAR-1 receptor-induced calcium
flux (Laroche et al. 2010). However, RGS9 knock-down resulted in a decrease in both
the potency and efficacy of the agonist carbachol on endogenous muscarinic receptor
responses. Similarly, RGS8 knock-down yielded a decrease in maximal PAR-1
receptor-induced calcium flux (Laroche et al. 2010). These two latter results are
compatible with an alternative model wherein RGS protein deficiency can lead to a
decrease of agonist potency and/or efficacy at some GPCRs, which may be the case in
Rgs21-null mice with respect to proximal umami (T1R1/2), sweet (T1R2/3), and bitter
(T2R) signaling and/or supportive, autocrine purinergic receptor (P2Y1 and P2Y2)
signaling.
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Parallel to Rgs-3 function in C. elegans?
There is precedence in another model organism for our present, mouse knockout
strain-based observation of reduced taste responses upon the loss of an RGS protein.
The selective distribution of Rgs21 in rodent and human taste cells (Cohen et al. 2012;
Kimple et al. 2014; von Buchholtz et al. 2004) is reminiscent of the sensory-specific
distribution in C. elegans of Rgs-3, which is found only in a subset of chemosensory
neurons. Rgs-3-deficient C. elegans exhibit normal development and motor ability
compared to wild-type nematodes, but they demonstrate an inability to respond to
normal levels of chemoattractants such as isoamyl alcohol (Ferkey et al. 2007). RGS21
may play a similar role in dampening tastant signaling so that the mammalian gustatory
system is not overwhelmed when tastants are too abundant on the lingual epithelium; in
the absence of RGS protein GAP activity, normal exposure to GPCR-mediated tastants
during lingual epithelium development may lead to compensatory desensitization or
down-regulation of tastant response machinery. We are currently pursuing this
particular

hypothesis

with

temporally-controlled,

conditional

Rgs21

knockout

approaches.
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Figure 2.1. Genotype and gene expression validation of successful excision of Rgs21
exon 5.
(A) Architecture of Rgs21 locus on chromosome 1 of C57BL/6J mice, as obtained from
GenBank record NC_000067.6 and spanning its five exons (Ex1 – Ex5) as denoted by
its RNA transcript (NM_001290269, purple) and its encoded RGS21 polypeptide
(NP_001277198.1, pink). (B) Illustration of wild-type Rgs21 surrounding exon 5, the
predicted insertion of loxP recombination sites and neomycin (“neo”) selection cassette
by homologous recombination, and the predicted result of Flp recombinase excision.
Forward (cyan) and reverse (orange, red) primers used in detecting Cre-mediated
recombination of loxP sites are indicated as arrowheads. (C) Southern blot validation of
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successful Flp recombinase excision of neo cassette, based on AflII digestion of
genomic DNA from indicated mice (or C57BL/6 control mouse, “WT”), subsequent
blotting on nylon membrane, and hybridization with an external 3’ DNA probe (indicated
in panel B). (D) Ear-punch DNA samples from four indicated progeny of an Rgs21D5/+ x
Rgs21 D5/+ mating were genotyped by PCR. Specific primers (denoted in panel B) were
designed around the floxed exon 5 portion of Rgs21 to discriminate between unexcised
(Rgs21+/+) and Cre recombinase-excised (Rgs21D5/D5) genomic DNA. (E) Data from
qRT-PCR (SYBR Green detection) of the Rgs21 mRNA transcript, which is seen to be
completely absent in Rgs21D5/D5 mice and absent in non-gustatory (“NG”) epithelial
tissue from Rgs21+/+ mice, but detectable in tongue and enriched in circumvallate
papillae (“CV”) tissue from Rgs21+/+ mice.
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Figure 2.2. Mean ± SEM body mass of male (n = 10) and female (n = 10) Rgs21D5/D5
mice (and wild-type littermate controls; male n = 9, female n = 13) at 3, 5, 7, and 9
weeks of age. A two-way ANOVA was used to compare the body mass of wild-type and
Rgs21-null mice within each sex at the indicated time points. No statistical difference
was found in body mass between Rgs21D5/D5 and Rgs21+/+ female (p = 0.8471) or male
mice (p = 0.9384).
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Figure 2.3. Normal tongue morphology in Rgs21-null mice. Tongues of wild-type (n = 6;
e.g., panel A) and Rgs21D5/D5 mice (n = 6; e.g., panel B) were stained with methylene
blue to visualize the fungiform papillae on the anterior portions. There was no difference
found in mean fungiform papillae number or morphology between Rgs21-null and wildtype animals (panel C; unpaired Student’s t-test; p = 0.8254). Circumvallate papillae of
wild-type (n = 4) and Rgs21D5/D5 mice (n = 4) were observed by bright-field microscopy
(panels D, E; areas plotted in panel F). There was no difference found in circumvallate
papillae area (panel F; unpaired Student’s t-test; p = 0.8578).
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Figure 2.4. Normal morphology and expression of taste cell markers within
circumvallate papillae of Rgs21-null mice. To enumerate taste buds, circumvallate
papillae of wild-type (n = 4) and Rgs21D5/D5 mice (n = 4) were stained with haematoxylin
and eosin (H&E) (panels A, B), or visualized by dual-color indirect immunofluorescence
with the taste cell marker Troma-1 (anti-keratin-8 in red) and DNA dye (DAPI in blue)
(panels D-E). There was no difference found in mean taste bud number per section
(panel C; unpaired Student’s t-test; p = 0.5879), or mean taste bud size (panel F;
unpaired Student’s t-test; p = 0.3355) between knockout and wild-type animals.
Equivalent detection of the Type II taste cell marker Trpm5 within CV sections was
observed in both genotypes via in situ hybridization and subsequent confocal
microscopy (panels G and H with antisense probe; panel I with control, sense probe).
Equivalent mRNA expression was also observed by qRT-PCR for additional markers of
Type I (Entpd2), Type II (Plcb2, Trpm5, Calhm1), and Type III (Snap25) taste cells
(panel J). Bar-graph displays the mean ± S.E.M.; differences between genotypes was
not statistically significant by Student’s t-test.
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Figure 2.5. Two-bottle choice preferences of Rgs21D5/D5 (n = 7) and wild-type mice (n =
7) for ascending concentration series of the bitterants quinine sulfate (panel A),
denatonium benzoate (panel B), the sour tastant hydrochloric acid (panel C), the
sweeteners sucrose (panel D) and SC45647 (panel E) and the L-amino acid umami
tastant monosodium glutamate in the presence of 10 µM amiloride (panel F). Each test
was assessed with a two-way ANOVA. Differences between the groups in preference
for specific concentrations of taste solution were determined using Sidak post-hoc test
to correct for multiple comparisons (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p <
0.0001).
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Figure 2.6. (A) Representative integrated chorda tympani nerve responses in
Rgs21D5/D5 mice. Indicated taste stimuli were applied for 30 s with 40-s intervening
washes. (B) Amplitude of the integrated response for each tastant. Responses were
normalized to the responses to 100 mM NH4Cl, recorded both at the beginning and the
end of each tastant series, to control for variability between mice. Responses show the
mean ± SEM (n = 7-10 mice for each stimulus). No significant difference was observed
between Rgs21+/+ and Rgs21D5/D5 mice for NH4Cl or the sour tastants HCl and citric acid
(unpaired Student’s t-tests: p > 0.7 for NH4Cl, p > 0.9 for sour tastants). Decreased
responses of Rgs21D5/D5 mice to the umami agonists MSG + IMP, the bitterant quinine,
and the sweeteners sucrose and SC45647 were statistically significant (unpaired
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Student’s t-tests: p < 0.03 for MSG+IMP, p < 0.022 for quinine, p < 0.0002 for sucrose,
p < 0.002 for SC45647). A trend toward a decreased response to 100 mM NaCl was
observed in Rgs21D5/D5 mice, but the difference was not statistically significant (p < 0.16;
Student’s t-test).
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3.1 – Abstract
Taste is a chemical sense that enables communication with the environment,
promoting ingestion of nutrients and aversion toward toxic substances. Canonically,
there are five taste modalities: bitter, sweet, savory (umami), salty, and sour.
Traditionally, only bitter, sweet, and umami taste are mediated by G protein-coupled
receptors (GPCRs) that transduce signals via modulation of heterotrimeric G protein
signaling. Recently, we identified reduced GPCR-mediated taste responsiveness in
mice lacking the GTPase-accelerating protein (GAP) Regulator of G protein Signaling21 (RGS21). This reduction in responsivity was also observed for salt taste, a modality
traditionally associated with ion channel activity, but more recently thought to also
engage GPCR signaling. RGS21 reduces second messenger production in tasteresponsive cells in vitro; therefore, it was hypothesized that RGS21-deficient mice
should have increased taste responsiveness. Reduced tastant-mediated responses and
behaviors exhibited by adult mice lacking Rgs21 expression since birth have thus
revealed an underappreciated requirement for a GPCR GAP to establish the full
character of tastant signaling. How lack of RGS21 shapes the responsiveness of taste
cells is unknown; therefore, we further sought to investigate Rgs21 deficiency in mouse
taste responsiveness to better understand its role in peripheral taste signaling.

Key words: Gustatory, mouse, regulator of G protein signaling-21 (RGS21), taste buds,
taste perception
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3.2 – Introduction
Three taste modalities, sweet, bitter, and umami (“savory”), are transduced by G
protein-coupled receptors (GPCRs) in chemosensory cells of the oral cavity. Sour taste
responses are not mediated by GPCR signaling, but by entry of protons through a Zn2+sensitive proton conductance (Chang et al., 2010), recently identified as OTOP1 (Tu et
al., 2018). Entry of protons into taste cells block the inwardly rectifying K+ channel,
KIR2.1, resulting in membrane depolarization (Ye et al., 2016). Sweet and umami tastes
are mediated by the T1R GPCRs (Montmayeur et al., 2001; Nelson et al., 2001, 2002;
Li et al., 2002a; Zhao et al., 2003), while bitter tastes are detected by a family of ~30
GPCRs, the T2Rs (Adler et al., 2000; Chandrashekar et al., 2000; Bufe et al., 2002).
GPCR-mediated tastant signaling is primarily transduced by Ga nucleotide exchange
and release of the Gbg dimer (McLaughlin et al., 1992; Wong et al., 1996; Ming et al.,
1998; Huang et al., 1999; Kusakabe et al., 2000; Shindo et al., 2008), which in turn
activates PLCb2, calcium release and, subsequently, activation of the TRPM5 channel
(Zhang et al., 2003). Opening of TRPM5 channels triggers membrane depolarization
and extracellular release of ATP through the CALHM1 ion channel (Finger et al., 2005;
Taruno et al., 2013), which in turn activates ATP-gated, ionotropic P2X2 and P2X3
receptors on gustatory afferent nerve fibers (Bo et al., 1999; Eddy et al., 2009;
Kinnamon and Finger, 2013; Vandenbeuch et al., 2015a, 2015b) and also, in an
autocrine manner, the metabotropic purinergic and adenosine receptors on Type II taste
cells themselves (Kataoka et al., 2004, 2012; Bystrova et al., 2006; Huang et al., 2009;
Dando et al., 2012).
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Regulators of G protein signaling (RGS) proteins like RGS21 accelerate
inactivation of GPCR-activated Ga subunits (Berman et al., 1996; Watson et al., 1996;
Snow et al., 1998; Cohen et al., 2012; Kimple et al., 2014). RGS21 was first identified
as a novel RGS protein selectively expressed in PLCb2-positive Type II taste receptor
cells (von Buchholtz et al., 2004; Cohen et al., 2012; Kimple et al., 2014); therefore, the
loss of Rgs21 is expected to potentiate signaling by agonist-occupied GPCRs (Lambert
et al., 2010; Kimple et al., 2011), such as the tastant-responsive T1Rs and T2Rs of
Type II cells (Adler et al., 2000; Chandrashekar et al., 2000; Montmayeur et al., 2001;
Nelson et al., 2001, 2002; Bufe et al., 2002; Li et al., 2002b; Zhao et al., 2003) and/or
the purinergic P2Y receptors and adenosine A2B receptors thought to support Type II
cell signaling via extracellular ATP/ADP/adenosine-mediated potentiation of further ATP
release (Kataoka et al., 2004, 2012; Bystrova et al., 2006; Huang et al., 2009; Dando et
al., 2012; Kinnamon and Finger, 2013). In either case, GPCR-targeting tastants should
be more potent upon Rgs21 loss; therefore, the reduced responsiveness of Rgs21deficient mice to sweet, umami, and bitter taste stimuli we previously discovered was
unexpected (Schroer et al., 2018). We have now performed additional experimentation
in an attempt to better understand the role of RGS21 in modulating taste signaling.
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3.3 – Materials & Methods
3.3.1 – Subjects and maintenance
All experiments involved either Rgs21 wild-type, constitutive knockout,
constitutive heterozygous, and/or conditional knockout mice. Rgs21 ‘floxed’ (Rgs21fl/fl)
mice were produced at genOway (Lyon, France), as previously described (Schroer et
al., 2018). This Rgs21fl/fl strain was maintained at WVU by backcrossing to the
C57BL/6J strain. The procedure for generating the constitutive Rgs21-null mice used in
this study was described previously (Schroer et al., 2018). Briefly, the Rgs21fl/fl mice
were crossed with an ubiquitous Cre recombinase driver strain [B6.C-Tg(CMVcre)1Cgn/J; JAX 006054] to excise exon 5 of the Rgs21fl/fl mice to generate Rgs21Δ5/+
(Rgs21-heterozygous) mice. These Rgs21Δ5/+ mice were bred together to generate
Rgs21Δ5/Δ5 mice (i.e., Rgs21-null) mice, Rgs21Δ5/+ (Rgs21-heterozygous) mice, and
Rgs21+/+ (i.e., wild-type) littermate control mice. Genotyping was performed via PCR
using ear-snip tissue-derived genomic DNA and the following primer pairs: Shared
Rgs21 allele forward primer 5’-CTGCCTTTGGGAAGCTTATG-3’ (nts. 144520871 –
144520890 of GenBank NC_000067.6 [C57BL/6J chromosome 1]) with either wild-type
Rgs21 allele reverse primer 5’-TGGTATGGTGGTGGTGTTGT-3’ (nts. 144520654 –
144520673

of

NC_000067.6)

or

with

Rgs21Δ5/+

allele

reverse

primer

5’

CATTTCAGGGTTTGGAAAAGTT-3’ (nts. 144519608 – 144519629 of NC_000067.6).
Conditional Rgs21-null mice were produced by crossing the Rgs21fl/fl mice with
the tamoxifen (TM)-inducible Cre recombinase driver strain CAGGCre-ERTM [B6.CgTg(CAG-cre/Esr1*)5Amc/J; JAX 004682]. The CAGGCre-ERTM transgenic mouse strain
provides a tamoxifen (TM)-inducible Cre-mediated recombination system driven by a
hybrid chicken b-actin/cytomegalovirus promoter/enhancer element (Hayashi and
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McMahon, 2002). This allele was kept in the heterozygous condition, as transgenehomozygous mice are not viable, but heterozygous CAGGCre-ERTM mice are viable,
fertile, normal in size, and have no gross physical or behavioral abnormalities (Hayashi
and McMahon, 2002). Rgs21fl/fl; CAGGCre-ERTM mice were intraperitoneal (IP) injected
with 75 mg/kg of tamoxifen (dissolved in corn oil) for five consecutive days, then we
waited seven days prior to experimentation (Sohal et al., 2001; Madisen et al., 2010).
As controls, littermate Rgs21fl/fl; CAGGCre-ERTM mice were sham-injected for five days
with corn oil (vehicle) and kept for an additional seven days.
Mice used in this study were maintained in a vivarium at 23 °C on a 12h/12h
light/dark cycle with lights off at 6 PM. They were housed in Allentown mouse cages
(194 × 181 × 398 mm) with wire bar lids and corncob bedding, along with crinkled paper
scattered on the floor for environmental enrichment. The mice had ad libitum access to
Teklad Global 18% Protein Rodent Diet (Envigo, Inc.) and water (except during
exposure tests, see below). Pups were weaned at 21 days and initially housed in
groups of the same sex. All mice were at least 8 weeks old prior to subsequent animal
testing. All procedures were approved by the Institutional Animal Care and Use
Committee of the West Virginia University Health Sciences Center.

3.3.2 – RNA extraction
Tongues were excised from mice euthanized with Fatal-Plus® in accordance with
guidelines from the National Institute of Health and with approval from the West Virginia
University IACUC. Tongues were homogenized in TRIzol reagent (Invitrogen™) using a
bench top rotor stator. RNA was extracted according to manufacturer’s instructions
using the Direct-zol™ RNA MiniPrep kit from Zymo Research. Reverse transcription
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and genomic DNA elimination was performed using the QuantiTect Reverse
Transcription Kit from Qiagen.

3.3.3 – Real-time quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)
qRT-PCR was performed to compare the expression levels of 18S rRNA and
Rgs21 mRNA in Rgs21-deficient mice and Rgs21+/+ littermate controls. RNA extraction
was performed as above. Two microliters of cDNA were used in each PCR reaction
using the QuantiTect SYBR Green PCR Master Mix (Qiagen). RT² qPCR Primer Assay
for Mouse 18S rRNA was purchased from Qiagen. Primers (10 µM) were designed for
Rgs21

mRNA

(spanning

exons

4-5)

sequence

elements

(fwd

primer:

5’-

TCGTAGCTGATGCACCAAAA-3’; rev primer 5’-TACAGGAAAGGCAGCCATCT-3’) and
purchased from ThermoFisher Scientific. PCR was performed (initial 15 min
denaturation at 95°C followed by 40 cycles of 15 s denaturation at 95°C, 30 s annealing
at 60°C, and 30 s extension at 72°C) in a Qiagen Rotor Gene-Q system. We utilized the
SYBR green dye qPCR technique to detect double-stranded PCR amplicons as they
accumulated during PCR cycling. Melting curves were obtained after each qRT-PCR
experiment to assure specificity of resultant amplicons.

3.3.4 – Brief-access taste test
Brief-access taste tests (Stellar and Hill, 1952; Houpt and Frankmann, 1996)
were conducted in a Davis Rig Brief Access Lickometer (16-bottle capacity “legacy
version”; Med Associates) as described previously (Glendinning et al., 2002). Prior to all
training (i.e., lickometer acclimation) sessions, mice were water deprived for 22.5 h to
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promote drinking. All animals underwent three days of training (spout and shutter
acclimation) to become accustomed to drinking from the Davis rig prior to testing.
During the initial spout acclimation, the mouse was placed in the Davis rig, and the
session lasted for 30 min once the mouse took its first lick. On the following two days of
training (shutter acclimation), the mouse was given access to the drinking tube with the
shutter door open until 5 s after it took its first lick. The door remained closed for 7.5 s
before re-opening with a different drinking tube revealed. The mouse was allowed to
initiate as many trials as possible during the 30 min training session (and all subsequent
test sessions).
Following training and prior to test sessions with quinine, mice were water
deprived for 22.5 h to enhance drinking behavior. Following each 30-min testing session
mice were allowed to rehydrate with ad libitum access to water for 1 h. To enhance
drinking behavior towards sucrose (which requires less thirst motivation than aversive
stimuli), mice were restricted to 1 g of chow and 2 mL of water for 22.5 h prior to each
test session and allowed one recovery day (ad libitum food and water) following each
session. Taste solutions were presented in multiple blocks with a randomized order of
concentration for the duration of each 30 min session (Quinine – 0.01, 0.03, 0.1, 0.3, 1.0
mM; Sucrose – 30, 100, 300, 1000 mM). During each quinine test session the
tastant/water lick ratio was calculated and averaged across the three test sessions. The
sucrose data are reported as ratio of licks/total licks to account for motivational
differences between mice (i.e., in the event no solution was preferred the ratio would be
0.2 from random licking from all 5 concentrations provided). Two-way repeated
measures ANOVAs were used to test for significant effects of genotype on the lick ratio.
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Table 3.1: Brief-access timetable of phenotyping for quinine aversion
Day
1
2
3,4
5,6,7

Activity
water deprivation
spout acclimation
shutter acclimation
quinine

Food/water access on prior day
food/water ad libitum
22.5 h water deprivation
22.5 h water deprivation
22.5 h water deprivation

Table 3.2: Brief-access timetable of phenotyping for sucrose preference
Day
1
2
3
4
5,7,9
6,8,10

Activity
water deprivation
spout acclimation
shutter acclimation
shutter acclimation
recovery day
sucrose

Food/water access on prior day
food/water ad libitum
22.5 h water deprivation
22.5 h water deprivation
22.5 h water deprivation
food/water ad libitum
1 g chow/2 ml water in 22.5 h

3.3.5 – Two-bottle choice tests
Two-bottle choice tests were conducted as described previously (Schroer et al.,
2018). Briefly, mice were individually housed in large Thoren mouse cages (30.80 cm x
40.60 cm x 15.88 cm). Mice were given access to two bottles containing autoclaved
distilled water for 48 h prior to beginning all choice testing. Fluid was available through
sipper spouts attached to 50-mL CorningÔ conical-bottom centrifuge tubes, placed in
separate bottle access slots on opposite sides of the food bin. Following the initial 48-h
presentation of two bottles of water, mice were assessed over 48 h in tests with a
choice between distilled water and ascending concentrations of a taste compound. The
positions of the bottles were switched daily, and the fluid intakes were measured to the
nearest 0.1 g by weighing the drinking bottles on an electronic balance. Preference ratio
was calculated as volume of tastant solution consumed divided by volume of total
solution consumed. The taste compounds were chosen to assess salty and bitter taste
stimuli: Quinine Sulfate - 0.003, 0.01, 0.03, 0.1, 0.3, and 1 mM; NaCl - 30, 65, 100, 300,
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and 600 mM; KCl – 30, 65, 100, 200, 400, and 600 mM. The mice used in salt taste
testing were assessed with NaCl followed by KCl. Mice were socially housed for 7 days
between each test series. At least 6 mice per genotype were assessed at each
concentration of taste solution. Results were analyzed using a two-way ANOVA
(genotype × concentration) with a Sidak multiple comparisons test (GraphPad Prism 7).

3.3.6 – NaCl taste threshold recognition test
Following exposure to lithium chloride (LiCl) in their drinking water, which causes
mice to become temporarily ill and tastes similar to NaCl, mice will avoid NaCl. This
allows the determination of the lowest concentration of NaCl that tastes salty to mice.
NaCl recognition threshold tests were performed as described previously (Ishiwatari and
Bachmanov, 2009, 2012). Briefly, individually housed wild-type and Rgs21-deficient
mice will be given a choice between two bottles of water for 48 h to familiarize them with
access to two drinking spouts. To condition mice to avoid all salty solutions, mice were
exposed to LiCl in their drinking water: two bottles of 150 mM LiCl for 24 h, two bottles
of water for 24 h to allow recovery, and then a second exposure to two bottles of 150
mM LiCl for 24 h. After a second 48-h recovery period with two bottles of water, mice
underwent 48-h tests with a choice between water and an ascending series of NaCl
(0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, and 150 mM NaCl) as performed in two bottle choice
testing detailed above. Results were analyzed using a two-way ANOVA (genotype ×
concentration) with a Sidak multiple comparisons test (GraphPad Prism 7). The lowest
concentration that mice begin to avoid NaCl is an indicator of the lowest concentration
of NaCl that they can detect (Ishiwatari and Bachmanov, 2009, 2012).
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3.3.7 – Additional Rgs genes in taste receptor cells
Rgs genes differentially expressed in Tas1r3+ taste cells versus Type III taste
cells were identified by RNA-Seq transcriptomic analyses. Data were extracted from
recently published transcriptomics profiles of fluorescently-identified Tas1r3-GFP cells
(n=9) and physiologically-identified Type III taste cells (n=17) (Sukumaran et al., 2017)
(NCBI accession SRP094673).
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3.4 – Results & Discussion
3.4.1 – Taste-salient brief-access assays of bitterant avoidance and sweetener
preference
GPCR-mediated taste responses are influenced by RGS21 (Schroer et al.,
2018), but, to confirm that loss of RGS21 causes a deficit in peripheral taste signaling
we performed brief-access taste tests. As an organism’s preference for particular
compounds is heavily influenced by stimulatory post-oral signals (Zukerman et al.,
2011), this specific behavioral assay minimizes the influence of certain post-oral factors
(e.g., satiety, toxicity) in the assessment of behavioral taste responses of Rgs21deficient mice.
Rgs21+/+ mice revealed the expected aversion to the bitterant quinine beginning
at the 0.03 mM concentration; similar to prior findings in two-bottle choice assays
(Schroer et al., 2018), Rgs21Δ5/Δ5 mice were indifferent to all concentrations of quinine
except 1.0 mM, and even then were only minimally avoidant (Figure 3.1A). Additionally,
Rgs21Δ5/Δ5 mice showed significantly less avidity towards the sweetener sucrose than
wild-type littermates (Figure 3.1B). These findings validate the loss of GPCR-mediated
taste responses in Rgs21-deficient mice, further confirming that the latter phenotypes
do not necessarily involve post-ingestive tastant effects (Zukerman et al., 2011).
[Location for Figure 3.1]

3.4.2 – Gene-dose effect of Rgs21 deficiency
RGS21 appears to influence GPCR-mediated taste responses (Schroer et al.,
2018); but how are these responses regulated by an RGS protein’s GAP activity, which
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opposes GPCR signaling? We suspect that RGS21 loss leads to hyperactivity of tastant
GPCRs and/or one or more taste-promoting regulatory GPCRs (e.g. P2YR1/R2,
adenosine A2B receptor), eventually causing their prolonged desensitization and/or
downregulation (Garzón et al., 2001; Ferkey et al., 2007; Hwang et al., 2015). Thus, a
reduction of RGS21, rather than complete removal of its expression, would delay GPCR
inactivation, but maintain a minimum level of regulation, thereby preventing
desensitization and/or downregulation. “Gene dosing” can occur with loss of one allele
of a gene (e.g., Rgs21-heterozygous mice) resulting in a reduced amount of gene
product (Yao et al., 1998); however, this reduction of gene product is gene-dependent.
Therefore, we performed two-bottle choice testing with heterozygous Rgs21-deficient
mice (Rgs21+/Δ5), as any gene dosage effect afforded by heterozygosity would serve as
a better model for partial loss-of-function mutations likely to be seen in humans (e.g.,
SNPs rs77664911, rs142678159 in human RGS21 gene).
In two-bottle choice assays, Rgs21+/Δ5 heterozygous mice showed normal
aversion to quinine (Figure 3.2A) and a normal inverted U-shaped function for NaCl
(i.e., appetitive response at moderate doses, but aversion at higher concentrations)
(Figure 3.2B), while Rgs21Δ5/Δ5 mice showed a lack of aversion to quinine and no
appetitive response to NaCl. Additionally, Rgs21 mRNA transcript abundance was
absent in Rgs21Δ5/Δ5 mice, but Rgs21+/Δ5 heterozygous mice displayed expression
equivalent to that of wild-type controls (Figure 3.2C). Thus, the Rgs21 allele does not
appear to produce a gene dosage effect when “knocked out” by homologous
recombination; thus, we do not yet know whether partial loss-of-function or modulation
of RGS21 levels results in a different taste response phenotype (e.g., increased
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responsiveness to GPCR-mediated tastants) than what has been established in our
prior study of the constitutive Rgs21-knockout mouse (Schroer et al., 2018).
[Location for Figure 3.2]

3.4.3 – Taste responsiveness phenotyping after acute RGS21 loss
Acute Rgs21 knockdown in tastant-responsive bronchial epithelial cells leads to
amplified second messenger levels upon exposure to the bitterant denatonium (Cohen
et al., 2012), suggesting that RGS21 functions as a conventional GAP in curtailing G
protein-dependent taste signaling. In contrast, mice constitutively lacking RGS21
expression (i.e., from zygote formation to adult stage) have reduced responsiveness to
GPCR-mediated taste stimuli (Schroer et al., 2018), suggesting a possible difference
between an acute loss of RGS21 function and a prolonged absence of RGS21
expression. To better understand the role of RGS21 in taste signaling, we therefore
sought to determine the impact of removing RGS21 expression in lingual tissue after its
development by using tamoxifen-mediated excision of Rgs21 in adulthood.
To determine whether RGS21 is acting as an ‘acute’ player in GPCR-mediated
taste transduction, we treated Rgs21fl/fl;CAGGCre-ERTM mice with injections of vehicle
(corn oil) or 75 mg/kg of tamoxifen (dissolved in corn oil) for five days, to generate
littermate control and ‘acute’ RGS21-deficient mice (Sohal et al., 2001; Madisen et al.,
2010). Real-time quantitative RT-PCR was used to confirm that Rgs21 mRNA
expression is observable in the lingual tissue of sham-treated mice, but absent in
tamoxifen-treated mice (Figure 3.3 inset). In our studies, acute, tamoxifen-induced
Rgs21 excision led to a far less pronounced deficit in quinine aversion than with
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constitutive Rgs21-null mice (Figures 3.3 vs 3.2A). Although knockdown of RGS21 in
taste-responsive, immortalized human bronchial epithelial cells caused an increase in
bitter stimuli-induced second messenger production (Cohen et al., 2012), the
intracellular effect of RGS21 knockdown was not assessed in isolated taste receptor
cells per se. Thus, in tamoxifen-induced Rgs21 knockout mice, an acute loss of RGS21
did not directly cause loss of taste responsiveness; rather, a more prolonged period of
RGS21 deficiency is necessary. Loss of RGS proteins, and their conventional GAP
activity on Ga proteins, typically leads to a prolonged cellular response to GPCRtargeted ligands (He et al., 1998; Chen et al., 2000; Nishiguchi et al., 2004; Sambi et al.,
2006; Lambert et al., 2010). However, removal of some RGS proteins, or their ability to
interact with Ga proteins, has also been observed to lead to a reduction in cellular
responsiveness to certain ligands (Garzón et al., 2001; Ferkey et al., 2007; Hwang et
al., 2015). Loss of RGS proteins in certain signaling pathways may cause an increase in
receptor phosphorylation and desensitization (Woolf and Linderman, 2003), suggesting
that constitutive Rgs21-null mice may undergo a prolonged period of taste receptor
desensitization, which could lead to eventual downregulation (Freedman and Lefkowitz,
1996; Tsao and von Zastrow, 2000; Rajagopal and Shenoy, 2018). Therefore, the less
pronounced loss of taste responsiveness following tamoxifen-induced excision of Rgs21
may be the result of less receptor downregulation at this acute time point.
[Location for Figure 3.3]
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3.4.4 – Understanding salt taste deficits in Rgs21-deficient mice
Multiple pathways mediate salt taste responses, each with concentration-specific
roles. The appetitive salt pathway is thought to be selectively responsive to sodium and
can be inhibited by amiloride (Heck et al., 1984; Brand et al., 1985; DeSimone and
Ferrell, 1985; Chandrashekar et al., 2010). Amiloride is an inhibitor of the epithelial Na+
channel (ENaC); thus, the appetitive response to salt is likely mediated by ENaC, which
is expressed in a subpopulation of taste cells, independent of Type II and III taste cells
(Vandenbeuch et al., 2008; Chandrashekar et al., 2010; Roper, 2015). The aversive salt
taste response is often referred to as amiloride-insensitive, as this pathway is a nonselective detector for a wide range of salts (Duncan, 1962; Heck et al., 1984; Halpern,
1998; Lindemann, 2001; Eylam and Spector, 2005). Recently, it was suggested that
amiloride-insensitive salt taste is transduced by high salt concentrations co-opting sourand bitter-responsive cells to stimulate aversive pathways (Oka et al., 2013;
Lewandowski et al., 2016), implicating G protein signaling within Type II cells in the
aversive response to high salt concentrations (Oka et al., 2013). Additionally, GPCR
signaling in Type II cells may be important in the appetitive response to salts (Damak et
al., 2006; Hisatsune et al., 2007; Tordoff et al., 2014; Schroer et al., 2018). However,
evidence of GPCR signaling in Type II taste cells mediating the attractive response to
moderate NaCl concentrations has been inconsistent (Wong et al., 1996; Zhang et al.,
2003). RGS21 is a GAP for heterotrimeric G protein signaling (Cohen et al., 2012;
Kimple et al., 2014), which is selectively expressed in Plcb2-positive Type II taste
receptor cells (von Buchholtz et al., 2004; Cohen et al., 2012; Kimple et al., 2014).
RGS21-deficient mice lack an appetitive response to moderate concentrations of salts
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(Schroer et al., 2018), suggesting heterotrimeric G protein signaling in Type II taste
receptor cells may mediate a portion of the appetitive salt taste response. Given that
multiple mechanisms have been suggested to serve a role in salt taste, each with
overlapping, concentration-specific roles, it is difficult to tease out the role of a particular
pathway with a single assay. Therefore, we have employed multiple techniques to stitch
together a fuller picture of salt taste in Rgs21Δ5/Δ5 mice.
LiCl exposure causes mice to become temporarily ill and tastes similar to NaCl;
therefore, following exposure to 150 mM LiCl in their drinking water, mice will avoid
NaCl. This allows the determination of the lowest concentration of NaCl that tastes salty
to mice. Rgs21-deficient and wild-type mice drank similar volumes of LiCl during the
training period (Figure 3.4 inset); both groups of mice drank significantly less LiCl on the
second day of exposure, suggesting a learned aversion to LiCl. The NaCl recognition
threshold was not altered in Rgs21Δ5/Δ5 mice (Figure 3.4), indicating that RGS21 does
not modulate the response to low concentrations of NaCl. Similarly, mice deficient in
other components of the Type II taste cell G protein signaling pathway (i.e., CALHM1;
(Tordoff et al., 2014)) do not exhibit an altered NaCl recognition threshold. Thus, the G
protein signaling pathway(s) in Type II cells probably does not mediate the response to
low concentrations of NaCl.
[Location for Figure 3.4]

To determine whether the altered NaCl taste responses of RGS21-null mice are
due to a Na+-specific taste mechanism (i.e., amiloride-sensitive), we assessed twobottle choice preferences for NaCl and for the non-Na+ salt KCl. Wild-type mice
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preferred moderate concentrations of both NaCl and KCl in two-bottle choice tests
(Figure 3.5); in contrast, Rgs21-deficient mice did not show preference towards any salt
concentration. These findings suggest that the altered salt appetite in Rgs21Δ5/Δ5 mice is
likely not specific to Na+ taste.
[Location for Figure 3.5]

3.4.5 – Additional Rgs genes in taste receptor cells
There are likely additional novel regulators of tastant signaling and novel modes
of tastant-germane G protein signaling to discover by studying the role(s) of RGS
proteins in tastant-responsive cells. Our hypothesis is that other RGS proteins, beyond
RGS21, also function to selectively affect peripheral taste sensitivity. There are 37
different types of RGS proteins in the human genome (Siderovski and Willard, 2005).
Members of the RGS protein superfamily have diverse ancillary functional domains
(Siderovski and Willard, 2005), which can allow specific receptor targeting and
additional roles for these proteins in modulating signal transduction (Hu and Wensel,
2002; Willard et al., 2007). Therefore, discovering alternative RGS proteins in taste
receptor cells may identify alternative functions for this family of proteins within taste
transduction.
Recent RNA-Seq data contrasting the transcriptomes of Tas1r3+ taste cells vs
Type III taste cells (Sukumaran et al., 2017) revealed pronounced expression of Rgs7,
Rgs8, and Rgs12 in Tas1r3+ cells and prominent expression of Rgs2 in Type III taste
cells (Figure 3.6). Therefore, the possibility that additional RGS proteins may modulate
peripheral taste signaling exists. Furthermore, as these RGS proteins have vastly
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different functional domains aside from their shared, central RGS domain (Figure 4.3)
(Siderovski and Willard, 2005; Willard et al., 2007; Anderson et al., 2009), it is possible
that they serve divergent roles in peripheral taste responses, warranting further
investigation.
[Location of Figure 3.6]

3.5 – Conclusions
These investigations have confirmed that RGS21 influences GPCR-mediated
taste responses (Schroer et al., 2018) and have provided new evidence, albeit
incomplete, for how RGS21 influences taste signaling. Acute loss of RGS21 following
tamoxifen-induced Rgs21 excision did not result in as severe a loss of aversion to
quinine as seen in constitutive Rgs21-null mice. We suspect that RGS21 loss initially
leads to hyperactivity of GPCRs in Type II taste receptor cells, eventually causing their
desensitization and/or downregulation (Garzón et al., 2001; Ferkey et al., 2007; Hwang
et al., 2015). It is possible that a more prolonged period of desensitization of overactive
taste GPCRs in tamoxifen-treated Rgs21-deficient mice is required to produce the
downregulation and severe loss of taste responsiveness as found in constitutive
Rgs21Δ5/Δ5 mice. Further work is needed to validate that GPCRs in Type II taste cells
undergo downregulation in the prolonged absence of RGS21.
We have also confirmed that Rgs21Δ5/Δ5 mice have less of an appetitive drive for
salts than wild-type mice. RGS21 was first identified as a novel RGS protein selectively
expressed in PLCb2-positive Type II taste receptor cells (von Buchholtz et al., 2004;
Cohen et al., 2012; Kimple et al., 2014); therefore, any alteration in taste response in
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Rgs21Δ5/Δ5 mice is likely to be a result of altered peripheral taste signaling. The salt taste
mediated by RGS21 does not appear to be Na+ selective, as the potassium appetite
found in wild-type mice was also found lacking in Rgs21Δ5/Δ5 mice. Further work is
needed to determine how RGS21, and likely G protein signaling in Type II taste receptor
cells, modulates the appetitive response to various salts.
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3.6 – Figures

Figure 3.1. Brief-access taste tests using Rgs21Δ5/Δ5 mice and wild-type littermates with
indicated concentrations of the bitterant quinine sulfate (panel A) and the sweetener
sucrose (panel B). Rgs21Δ5/Δ5 mice displayed reduced behavioral responsivity to both
compounds in the taste salient, short-term assays, in agreement with two-bottle choice
tests performed previously (Schroer et al., 2018). Brief access sucrose data are
reported as ratio of licks/total licks to account for motivational differences between mice
(i.e., the horizontal dashed line represents the expected value of the ratio [0.2] from
random licking from all 5 concentrations provided). Each test was assessed with a twoway ANOVA. Differences between the groups at specific concentrations of taste
solution were determined using Sidak post-hoc test to correct for multiple comparisons
(* p < 0.05; ** p < 0.01; **** p < 0.0001).
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Figure 3.2. Two-bottle choice preferences of Rgs21-heterozygous mice appear
normal. Rgs21Δ5/Δ5, Rgs21+/Δ5, and wild-type mice (n = 6-10 mice/genotype) were
tested for two-bottle choice for ascending concentration series of the bitterant quinine
sulfate (panel A) and the salt NaCl (panel B). Each test was assessed with a two-way
ANOVA. A preference ratio of 0.5 (dashed line) indicates indifference towards the taste
solution relative to water. Differences between the groups in preference of specific
concentrations of taste solution were determined using Sidak post-hoc test to correct for
multiple comparisons. Wild-type and Rgs21+/Δ5 mice appeared to have no difference in
preference at any concentration tested. (C) Data from qRT-PCR (SYBR Green
detection) of the Rgs21 mRNA transcript, which is seen to be completely absent in
Rgs21Δ5/Δ5 mice, but equally detected in tongue from both Rgs21+/+ and Rgs21+/Δ5 mice.
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Figure 3.3. Two-bottle choice data suggesting that acute, tamoxifen-induced Rgs21
excision leads to a far less pronounced deficit in quinine aversion. 8-week old mice
were either sham injected (corn oil only) or injected with 75 mg/kg of tamoxifen
dissolved in corn oil once a day for 5 consecutive days. Seven days after final injection
and two-bottle testing, tongues were excised and RNA was isolated for qPCR analysis
(inset bar-graph). A preference ratio of 0.5 (dashed line) indicates indifference towards
the taste solution relative to water.
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Figure 3.4. Following exposure to LiCl in their drinking water, which causes mice to
become temporarily ill and tastes similar to NaCl, mice will avoid NaCl. This allows the
determination of the lowest concentration of NaCl that tastes salty to mice. Mice were
given two bottles containing 150mM LiCl for 24 h (intake shown in inset), a 24-h
recovery period with water, then another 24-h period with two bottles containing 150mM
LiCl (intake shown in inset). Mice drank significantly less LiCl on the second day of
exposure (paired students T test; p < 0.0001), indicating a learned aversion to LiCl. The
mice received 48 h tests with a choice between water and an ascending series of NaCl
concentrations, as performed in two bottle preference testing. A preference ratio of 0.5
(dashed line) indicates indifference towards the taste solution relative to water. WT and
Rgs21-null mice avoided NaCl similarly with no significant difference between the
groups at any concentration.
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Figure 3.5. Two-bottle choice preferences of Rgs21Δ5/Δ5 (n=7) and wild-type mice (n=7)
for ascending concentration series of the salt taste stimuli sodium chloride (panel A) and
potassium chloride (panel B). A preference ratio of 0.5 (dashed line) indicates
indifference towards the taste solution relative to water. Each test was assessed with a
two-way ANOVA. Differences between the groups in preference for specific
concentrations of taste solution were determined using Sidak post-hoc test to correct for
multiple comparisons (* p < 0.05; ** p < 0.01; **** p < 0.0001).
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Figure 3.6. Rgs genes differentially expressed in Tas1r3+ taste cells versus Type III
taste cells as identified by RNA-Seq transcriptomic analyses. Note the marked
differential expression of Rgs7, Rgs21, Rgs8, and Rgs12 in Tas1r3+ cells. Extracted
from transcriptomics data recently published by the Margolskee group (Sukumaran et
al., 2017) (NCBI accession SRP094673).
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Chapter 4: Project insights and future directions

4.1

RGS21 in taste responsiveness

Our group’s observations of reduced responses to bitter, sweet, umami, and salty
taste stimuli upon Rgs21 loss run opposite to prior expectations built upon the general
knowledge of RGS proteins as negative regulators of GPCR signaling (Siderovski and
Willard, 2005; Lambert et al., 2010; Woodard et al., 2015); moreover, observations from
Rgs21Δ5/Δ5 mice run counter to prior findings from our group that acute Rgs21
knockdown in tastant-responsive bronchial epithelial cells leads to amplified second
messenger levels upon exposure to the bitterant denatonium (Cohen et al., 2012).
RGS proteins, like RGS21, accelerate inactivation of GPCR-activated Ga
subunits (Berman et al., 1996; Watson et al., 1996; Snow et al., 1998; Cohen et al.,
2012; Kimple et al., 2014); therefore, the loss of Rgs21 is expected to potentiate
signaling by agonist-occupied GPCRs (Lambert et al., 2010; Kimple et al., 2011), such
as the tastant-responsive T1Rs and T2Rs of Type II taste cells (Adler et al., 2000;
Chandrashekar et al., 2000; Montmayeur et al., 2001; Nelson et al., 2001, 2002; Bufe et
al., 2002; Li et al., 2002; Zhao et al., 2003) and/or the ATP-mediated autocrine feedback
via purinergic P2Y receptors and adenosine A2B receptors thought to support Type II
cell signaling via extracellular ATP/ADP/adensoine-mediated potentiation of further ATP
release (Huang et al., 2009; Dando et al., 2012; Kataoka et al., 2012; Kinnamon and
Finger, 2013). In either case, GPCR-targeting tastants should be more potent upon
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RGS21 loss, and thus we originally expected the behavioral taste tests and chorda
tympani nerve responses to show a leftward shift for sweetener and umami preference
and bitter avoidance in Rgs21Δ5/Δ5 mice vs wild-type littermates. Instead, a rightward
shift was seen for preference to sweeteners (sucrose and SC45647), and umami
compounds (monosodium glutamate), and for aversion to bitterants (quinine and
denatonium) (Figures 2.5, 2.6, & 3.1) (Schroer et al., 2018). Thus, loss of RGS21
probably leads to hyperactivity of tastant GPCRs and/or one or more taste-promoting
regulatory GPCRs (e.g. P2YR1/R2, adenosine A2B receptor), eventually causing their
desensitization and/or downregulation (Figure 4.1). In the absence of RGS21,
prolonged activity of G proteins in Type II taste cells may increase kinase-mediated
phosphorylation and desensitization, and ultimately result in downregulation of
receptors (Freedman and Lefkowitz, 1996; Rajagopal and Shenoy, 2018). Theoretical
modeling has predicted that a decrease to the G protein inactivation rate constant,
which is expected in the absence of RGS21, would decrease the ratio of G protein
activation to receptor phosphorylation (i.e., would increase receptor phosphorylation)
(Woolf and Linderman, 2003). Additionally, a role for these proteins in ligand-mediated
desensitization has been reported for mice with impaired RGS function (Garzón et al.,
2001; Ferkey et al., 2007; Hwang et al., 2015).
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Figure 4.1. Hypothesis for how Rgs21 deletion leads to decreased tastant responsiveness, despite the prediction of
augmented potency (Lambert et al., 2010) of GPCR-directed tastants in the absence of RGS protein GAP activity. In wildtype tastant-responsive Type II cells (left), RGS21 GAP activity decreases the inherent potency of tastants on GPCRinduced ATP release (dotted green arrow) by stimulating Ga·GTP inactivation (Lambert et al., 2010). RGS21 may
similarly inhibit signaling from support receptors in the Type II cell (e.g., purinergic P2YRs, adenosine A2BR; red question
marks). We and others have shown that, with reduction or loss of Rgs21 expression (middle), the lifetime of activated
Ga·GTP is increased and, thus, tastant signaling is enhanced (e.g., increased second messenger production from
denatonium-responsive T2Rs; refs. (Cohen et al., 2012; Kimple et al., 2014)). Such enhanced tastant-initiated signaling in
the short-term should lead acutely to increased ATP release by Type II taste cells (bold green arrows). We hypothesize
that this enhanced tastant-initiated signaling by T1R and T2R receptors will desensitize the receptors over time and may
also lead to receptor downregulation. In addition, increased ATP release may lead, in the long-term, to desensitization
and/or downregulation of downstream GPCRs responsive to ATP and/or its catabolic products ADP and adenosine.
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Alternatively, if hyperactive G protein signaling in Type II taste cells does not lead
to desensitization of GPCRs, reduced responsiveness towards GPCR-mediated taste
stimuli in Rgs21Δ5/Δ5 mice may be explained by desensitization at the level of the taste
nerve fiber. Loss of RGS21 in Type II taste cells is expected to result in prolonged
signaling of GPCRs and, subsequently, a prolonged elevation of extracellular ATP.
Such prolonged elevation of ATP could desensitize purinergic receptors on the afferent
nerve fiber (Figure 4.2). The purinergic receptors expressed on the afferent nerve fiber
are hetero- and homo-trimers of P2X2 and P2X3 subunits (Bo et al., 1999); 50-60% of
taste nerve fibers express the P2X2 unit, while nearly all neurons express P2X3 (Ishida
et al., 2009). Pharmacological blockade of P2X3 and, thereby, of P2X3 homotrimers
and P2X2/P2X3 heterotrimers, is sufficient to fully block responses to all taste qualities
(Vandenbeuch et al., 2015b), suggesting a central functional role for P2X3 subunits in
the taste system. P2X3 subunits quickly desensitize with prolonged exposure to ATP
(North, 2002). Additionally, there is precedence for desensitization and loss of taste
responsiveness with elevated ATP levels: e.g., in mice lacking NTPDase2, an
ectonucleotidase that degrades extracellular ATP (Vandenbeuch et al., 2013).
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A
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Figure 4.2. (A) Model of RGS21 action(s) in modulating signal transduction from
GPCRs expressed by Type II taste cells. RGS proteins are characterized by their GAP
activity on Ga subunits (red inhibitory symbol); in addition, the consequences of RGS
protein knockdown in other systems (Garzón et al., 2001; Laroche et al., 2010)
suggests that RGS proteins are also supportive of stable GPCR surface expression
and/or coupling to G proteins (green arrow and question mark). RGS21 GAP activity
may not be restricted to T1R and T2R GPCR signaling, and thus may also influence
purinergic P2Y autocrine/paracrine signal transduction (red inhibitory symbol and
question mark). (B) In the absence of RGS21 expression, the lifetime of activated
Ga·GTP is increased, leading to increased second messenger production and
increased ATP release. The latter may drive desensitization and/or downregulation of
purinergic P2X receptors on juxtaposed sensory afferents (purple question mark).
It is likely that removal of RGS21 leads to decreased peripheral taste responses
that emanate from the Type II cells in one of these ways. Future work is needed to
determine at which level, the taste receptor cell or the afferent gustatory nerve, loss of
GAP activity causes desensitization of peripheral taste responses and thus the level of
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the gustatory system likely most sensitive to taste adaptation. Candidate experimental
approaches to interrogate these questions are described below.
Targeting of Rgs21 for genetic ablation by homologous recombination has also
highlighted an underappreciated role for GPCR / G protein signaling in the appetitive
effects of moderate salt concentrations. Rgs21Δ5/Δ5 mice exhibited a reduced appetitive
response to moderate concentrations of NaCl (37.5 – 150 mM; Figure 2.5F) and KCl
(100 and 200 mM; Figure 3.4) in two-bottle choice experiments and a trend towards a
reduction in CT nerve response to 100 mM NaCl lingual exposure (Figure 2.6). Although
salt taste has traditionally not been considered under the purview of GPCR signaling in
Type II taste cells per se, these observations support the hypothesis recently posited by
Tordoff and colleagues (Tordoff et al., 2014) that the taste of moderate concentrations
of salt are transduced in part by GPCR signaling cascades, culminating in release of
ATP from CALHM1, the ATP release channel expressed exclusively in Type II taste bud
cells (Taruno et al., 2013). Other components of GPCR-mediated taste signal
transduction in Type II cells have also been implicated in the taste response to
moderate concentrations of NaCl (Damak et al., 2006; Hisatsune et al., 2007); however,
these findings have been inconsistent (Wong et al., 1996; Zhang et al., 2003). The
mechanism(s) whereby moderate concentrations of salt may activate Type II taste cells
is not yet clear. However, NaCl may activate a receptor sensitive to salts on Type II
cells or these cells may become active via communication from other salt-responsive
cell types (Tordoff et al., 2014). Further characterization of salt taste responses in
Rgs21-deficient mice will help reveal the mechanism whereby GPCR signaling in Type
II taste cells may mediate appetitive responses to moderate concentrations of salt.
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There are likely additional novel regulators of tastant signaling and novel modes
of tastant-germane G protein signaling to discover by studying the role(s) of RGS
proteins in tastant-responsive cells. Recent RNA-Seq data, highlighted in Chapter 3,
revealed pronounced expression of Rgs7, Rgs8, and Rgs12 in Tas1r3+ cells without
detectable expression in Type III taste cells (Figure 3.6) (Sukumaran et al., 2017).
Based on our behavioral data from Rgs21-deficient mice, it is tempting to speculate that
one or more of these other RGS proteins (encoded by these genes in Fig. 3.6) also
play(s) a key role in tastant signaling. Examining the taste responses in mice lacking
Rgs7 and Rgs12, in addition to parallel studies of Rgs21-deficient mice, should provide
further insight into the role of RGS proteins in taste signaling. RGS21, RGS12, and
RGS7 are three very different RGS proteins in terms of their multi-domain architectures
(Figure 4.3); therefore, these proteins may regulate signaling in Type II taste cells in
very different ways and may identify specific and divergent functions for different RGS
family members in peripheral taste signaling.
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Figure 4.3. RGS proteins to be pursued in future investigations. Each protein
contains an RGS domain (orange) that binds Ga to accelerate GTPase activity
(Lambert et al., 2010; Kimple et al., 2011). RGS21, the smallest of the RGS proteins,
has no additional domains. RGS12 possesses additional interaction sites: a PDZ
domain that binds MEK2 (Willard et al., 2007); a phosphotyrosine-binding (PTB) domain
(Uhlik et al., 2005); two Ras-binding domains (RBDs) that bind H-Ras and B-Raf
(Willard et al., 2007), and a GoLoco motif that binds Ga·GDP (Kimple et al., 2001) for
endosomal targeting (Sambi et al., 2006). RGS7 contains an N-terminal DEP domain
responsible for binding its membrane-anchoring protein partner R7BP (Anderson et al.,
2010; Terzi et al., 2012; Ostrovskaya et al., 2014) and a central GGL domain that binds
the heterotrimeric G protein subunit Gb5 (Snow et al., 1999; Cheever et al., 2008).

4.2. Approach
Available mouse strains to be employed in future pursuits:
Trpm5-IRES-Cre (knockin; Cre recombinase driver) – Transient receptor potential
channel subfamily M member 5 (TRPM5) is a key downstream signaling component of
Type II taste receptor cells – as highlighted above (Pérez et al., 2002; Huang and
Roper, 2010). Trpm5 mRNA is highly restricted in its expression pattern: i.e., highly
expressed in oral gustatory tissue, with lower expression levels in the stomach and
small intestine (e.g., solitary chemosensory cells). Dr. Ulrich Boehm has provided the
Setola lab access to his group’s Trpm5-IRES-Cre knockin mouse strain (Kusumakshi et
al., 2015) so that genetic ablation of floxed Rgs alleles can be constrained (to the best
of our present ability) to Type II taste receptor cells and extra-oral gustatory tissues.
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Rgs12 fl/fl (floxed) – Unlike Rgs21, the expression of which is limited to tastantresponsive cells, Rgs12 is also expressed in other tissues (Snow et al., 1998; MartinMcCaffrey et al., 2005; Willard et al., 2007; Gross et al., 2018). Therefore, exploiting the
conditional ‘floxed’ nature of the Rgs12 allele, which the Siderovski lab possesses
(Gross et al., 2018), in combination with taste receptor cell type-specific Cre mouse
driver strains, e.g., Trpm5-IRES-Cre, to restrict excision of Rgs12 to tastant-responsive
cells, will provide insight into the particular role of RGS12 in taste receptor sensation.
Rgs7 fl/fl (floxed) – Like Rgs12, Rgs7 is expressed in Type II taste cells (Fig. 3.6) but
also expressed in CNS neurons (Xie et al., 2010; Cao et al., 2012; Ostrovskaya et al.,
2014; Aguado et al., 2016; Sarria et al., 2016). Again, exploiting the floxed nature of the
Rgs7 allele, which Dr. Kiril Martemyanov has provided to the Setola lab, in combination
with available taste receptor cell-type specific Cre mouse driver strains, e.g., Trpm5IRES-Cre, to restrict genetic ablation of Rgs7 to peripheral taste tissue, will be used to
determine if RGS7 has a role in peripheral taste signaling.

4.2.1. Identify the roles of RGS proteins expressed in taste cells in modulating
taste responses
4.2.1a. Two-bottle choice tests to delineate effects of Rgs gene loss on tastant
preference or aversion
Rationale: While a function of RGS21 in behavioral taste responses has been
documented, it is unknown if RGS7 or RGS12 function in Type II taste cells to regulate
GPCR-mediated taste signaling. Therefore, a central focus of future experiments should
be to ascertain the full extent of the loss of RGS12 and RGS7 in behavioral taste
responses to GPCR-mediated taste qualities.
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Method: In applying the two-bottle choice test (Tordoff, 2007) with each, constitutive,
Rgs gene-deficient mouse strain (i.e., Rgs12fl/fl X Trpm5-IRES-Cre; Rgs7fl/fl X Trpm5IRES-Cre), one would first give individually-housed mice access to two bottles
containing water for 48 hr prior to all testing. Mice would then undergo 48 hr tests with a
choice between water and ascending concentrations of a taste solution. The positions of
the bottles would be switched daily and fluid intake recorded. Preference ratio would be
calculated as volume of tastant solution consumed divided by volume of total solution
consumed. The taste compounds would be chosen as exemplars of the sweet (Sclafani
and Glendinning, 2003, 2005; Bachmanov et al., 2008) (sucrose, SC45647), bitter
(Boughter et al., 2005) (denatonium benzoate, quinine sulfate), umami (Damak et al.,
2006) (monosodium glutamate [MSG] + 10 µM amiloride), salty (Bachmanov et al.,
1998, 2002) (NaCl, KCl), and sour (Nelson et al., 2010) (HCl, citric acid) taste qualities,
and their concentrations would span the range between indifference and marked
acceptance or avoidance.
With a strict eye to rigor and reproducibility, these (and all other) tests would be
conducted with equal numbers of wild-type littermate controls and analyzed using the
ARRIVE guidelines for animal research (Kilkenny et al., 2010). Dose-response data
would be plotted on a semi-logarithmic scale using Prism 7; given that behavioral
responses in the two-bottle choice test depend on peripheral nerve input, post-ingestive
factors, hedonics, and central integration (e.g., ref. (Damak et al., 2006)), we would not
over-model the behavioral data with the standard sigmoidal dose-response relationship
(i.e., 3-parameter logistic equation used in pharmacology (Neubig et al., 2003)).
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Alternatives and other considerations: Our initial data from the two-bottle choice
assay, using Rgs21Δ5/Δ5 mice, suggest that RGS21 functions in the appetitive
preference for moderate amounts of NaCl (Fig. 2.4C). Thus, we must now also test salt
responses (both preference for moderate doses and aversion to high concentrations) of
Rgs21fl/fl X TRPM5-IRES-Cre mice, given that this particular cross breeding will
constrain RGS21 loss to Type II taste cells and thereby allow us to potentially exclude
any proximal role for RGS21 in non-Type II cell salt signaling (e.g., in the case, albeit
remote, of RGS21 expression in Type I or Type III taste cells, or other
gustatory/supportive cell types lacking Trpm5 expression). While our group (Cohen et
al., 2012; Kimple et al., 2014) and others (von Buchholtz et al., 2004) have reported in
situ hybridization data supporting the restricted expression of Rgs21 solely in Tas1rand Tas2r-expressing, PLCb2+ taste cells, employing this genetic means to constrain
RGS21 loss to only Type II taste cells will resolve any doubts.

4.2.1b. Taste-salient brief-access choice tests to delineate the effect(s) of individual Rgs
gene loss at the level of the integrated tastant response but without confounding
post-ingestive effects
Rationale: As an organism’s preference for particular compounds is heavily influenced
by stimulatory post-oral signals (Zukerman et al., 2011), we also need to perform briefaccess taste tests to minimize the influence of certain post-oral factors (e.g., satiety,
toxicity) in the assessment of behavioral taste responses of Rgs-deficient mice.
Method: For many of the tastants previously described above in 4.2.1a, brief-access
taste tests (Stellar and Hill, 1952; Houpt and Frankmann, 1996) would be conducted in
a Davis Rig Brief Access Lickometer (16-bottle capacity “legacy version”; Med
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Associates) as described previously (Glendinning et al., 2002). All animals would
undergo three days of training (spout and shutter acclimation) to become accustomed to
drinking from the Davis rig prior to testing. During spout acclimation, the mouse would
be placed in the Davis rig, and the session would last for 30 min once the mouse takes
its first lick. On the following two days of training (shutter acclimation), the mouse would
be given access to the drinking tube with the shutter door open until 5 s after it takes its
first lick. The door would remain closed for 7.5 s before re-opening with a different
drinking tube revealed. The mouse would be allowed to initiate as many trials as
possible during the 30 min training session (and all subsequent test sessions).
Prior to test sessions with aversive stimuli (i.e., bitter, sour, salty), mice would be
water deprived for 22.5 h to enhance drinking behavior. Following each 30-min testing
session mice would be allowed to rehydrate with ad libitum access to water for 1 hr. To
enhance drinking behavior towards normally-preferred stimuli (i.e., sweet and umami),
mice would be restricted to 1 g of chow and 2 ml of water for 22.5 h prior to each test
session and allowed one recovery day (ad libitum food and water) following each
session. Taste solutions would be presented in multiple randomized blocks for the
duration of each 30 min session. During each test session the tastant/water lick ratio
would be calculated and averaged across the three test sessions. Two-way repeated
measures ANOVAs would be used to test for significant effects of genotype on the lick
ratio.
Expected results: As Cre-mediated excision of each Rgs gene under study is to be
constrained (to the best of our present ability) to taste receptor cells via the Trpm5IRES-Cre driver strain (Kusumakshi et al., 2015), we anticipate the effects of RGS
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protein loss will be manifest mainly (or exclusively) within changes to Type II celllocalized, tastant-elicited signaling. (However, future research pursuits will also need to
explore other alternatives including developmental / morphological changes arising from
loss of RGS protein expression.) Our initial data from brief-access tests of Rgs21Δ5/Δ5
mice vs wild-type littermates (Figure 3.1) confirm our anticipation: loss of aversion to the
bitterant quinine and blunted preference to the sweetener sucrose is observed both in
brief-access and two-bottle testing, suggesting that the latter phenotypes do not
necessarily involve post-ingestive tastant effects.

4.2.1c. Nerve recordings to delineate effect of individual Rgs gene loss on gustatory
neuronal afferents
Rationale: To test whether RGS protein loss leads to altered gustatory neuronal
transmission, chorda tympani recordings and glossopharyngeal recordings (Kataoka et
al., 2012; Vandenbeuch et al., 2013, 2015a, 2015b; Larson et al., 2015; Holstein-rathlou
et al., 2016) would need to be conducted on Rgs-deficient mice and wild type littermate
controls after lingual exposure to various tastants from the five known taste modalities
of bitter, sweet, umami, sour, and salty. In this way, we would be able to ascertain
whether each RGS protein is selective in its presumed function in peripheral taste
signaling, or also serves a regulatory role in other post-ingestive, hedonic, or central
integration process (i.e., distal from the originating event of a tastant/taste receptor
interaction). For example, the blunted sucrose, umami, and quinine responses in
Rgs21Δ5/Δ5 mice (Figure 2.6) reflect that the loss of RGS21 impairs peripheral taste
signaling, likely via desensitization of GPCRs in Type II taste cells (Figure 4.1) or a
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potential deficit that develops in transmission to the afferent gustatory nerve (Figure
4.2).
Method: Rgs-deficient mice and wild-type littermates from each, constitutive, Rgs genedeficient mouse strain (Rgs12fl/fl X Trpm5-IRES-Cre; Rgs7fl/fl X Trpm5-IRES-Cre) would
be bred for chorda tympani and glossopharyngeal recordings of lingual tastant
responses, using established protocols which were used to assess Rgs21Δ5/Δ5 mice
(Figure 2.6) as well as others published by our collaborator Dr. Vandenbeuch in
additional gustatory afferent studies (Kataoka et al., 2012; Vandenbeuch et al., 2013,
2015a, 2015b; Larson et al., 2015; Holstein-rathlou et al., 2016). Anesthetized mice
would be maintained in a head holder with trachea cannulated to facilitate breathing.
The chorda tympani nerve would be exposed using a ventral approach, freed from
surrounding tissue, and cut near the tympanic bulla. To expose the glossopharyngeal
nerve, the digastric muscle would be removed and the nerve cut near its entrance to the
posterior foramen. Nerves would then be placed on a platinum-iridium wire and a
reference electrode placed in nearby tissue. Signal would be fed to an amplifier (P511;
Grass Instr.), integrated and recorded using AcqKnowledge software (Biopac). For
chorda tympani recordings, ten mice from each Rgs-deficient strain and ten wild-type
littermate controls would be used for each stimulus; these numbers of mice have been
found

adequate

for

meaningful

comparisons

in

past

studies.

Similarly,

for

glossopharyngeal recordings, a total of ten Rgs-deficient mice and ten wild-type
littermates would be used for each strain of Cre-driven knockout. The fungiform papillae
(for chorda tympani) or the circumvallate papilla (for glossopharyngeal nerve) would be
independently stimulated with different tastants applied with a constant flow pump.
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Initial stimuli for chorda tympani recordings would include: 100 mM of NH4Cl; 3,
10, and 20 mM of the bitterant quinine; 100, 300, and 500 mM of monopotassium
glutamate (MPG) + 0.5 mM inosine 5’-monophosphate (IMP) (classically considered
‘umami’ although this combination in mice possesses perceptual similarity to sucrose
(Saites et al., 2015)); 300, 500, and 1000 mM of the natural carbohydrate sweetener
sucrose; 50 and 100 mM of the artificial sweetener saccharin; 100 mM of NaCl
(perceived as ‘salty’); and either 10 mM of citric acid or 10 mM HCl (sour). A more
restricted set of stimuli would initially be used for the more technically demanding
glossopharyngeal recordings: 10 mM quinine; 100 mM MPG + 0.5 mM IMP (umami);
1000 mM sucrose; 100 mM NaCl; either 10 mM of citric acid or 10 mM HCl (sour). Each
stimulus would be applied separately for 30 s and then rinsed with water for 40 s. To
reduce any variability across animals, as well as potential signal run-down, each
response would be normalized to the 100 mM NH4Cl response measured at the
beginning and end of each train of tastants, as previously described (Kataoka et al.,
2012; Vandenbeuch et al., 2013, 2015a, 2015b; Larson et al., 2015; Holstein-rathlou et
al., 2016). To analyze nerve recording data, the amplitude of each integrated response
would be averaged over the 30 s exposure time using AcqKnowledge software and
compared between Rgs-deficient and wild-type mice with a two-way ANOVA when
several concentrations of the same stimulus are applied (e.g., 300, 500, 1000 mM
sucrose), or compared with an unpaired Student’s t-test for single concentration
measurements (Prism 7).
Alternatives and expected results: Given recent evidence (Larson et al., 2015) that
pentobarbital directly affects tastant neuronal transmission (via 5-HT3 receptor inhibition
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(Jenkins et al., 1996; Barann et al., 1997, 2000)), urethane (2 g/kg, i.p.) would be used
for anesthesia prior to nerve recordings, rather than pentobarbital. Should initial
recording data suggest that the amplitude of the NH4Cl response is actually different in
a particular Rgs-null strain relative to wild-type controls, all recording data would instead
be normalized to baseline recording, as previously performed in NTPDase2 knockout
mouse studies (Vandenbeuch et al., 2013).
As previously mentioned, Trpm5-IRES-Cre mediated excision of each Rgs gene
should constrain (to the best of our present ability) RGS protein loss to Type II cells; this
method was chosen to study the peripheral effect of RGS protein loss on lingual tissuelocalized tastant signaling, rather than on downstream, post-ingestive and/or central
effects of tastants. We therefore anticipate that measured nerve recordings,
downstream of lingual tastant sensing yet upstream of central perception, will directly
reflect the changes in the integrated tastant-stimulated behaviors observed via 4.2.1a
(two-bottle choice testing) and 4.2.1b (brief-access testing). Data from chorda tympani
nerve recordings from Rgs21Δ5/Δ5 mice vs wild-type littermates (Figure 2.6) confirms our
anticipation above: reductions in CT nerve responses to the T2R activator quinine and
T1R activators MSG/IMP, sucrose, and SC45647 parallel the blunted aversion to
bitterants and blunted preference to sweeteners and umami observed in brief-access
and two-bottle testing, again suggesting that the latter phenotypes of Rgs21Δ5/Δ5 mice
do not necessarily involve post-ingestive tastant effects.
RGS21, RGS12, and RGS7 are three very different RGS proteins (Fig. 4.3). RGS21
is the smallest, with minimal functionality (i.e., Ga-directed GAP activity (Lambert et al.,
2010; Kimple et al., 2011, 2014; Cohen et al., 2012)). In contrast, RGS12 is a large
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scaffold protein that also interacts with Ras-family GTPases and members of the ERK
MAPK cascade (Snow et al., 1998; Sambi et al., 2006; Willard et al., 2007; Gross et al.,
2018); RGS7 also possesses additional protein-protein interaction domains and is
implicated in coordinating heterotrimeric G protein regulation of ion channel function
(Anderson et al., 2009; Xie et al., 2010; Cao et al., 2012; Fajardo-Serrano et al., 2013;
Sutton et al., 2016). Therefore, we predict that all three proteins have distinct and
non-overlapping functions within T1r3+ taste receptor cells (i.e., distinct functions
leading to distinct tastant responses upon loss of their expression) that would be
revealed in the future research pursuits as articulated in sections 4.2.1a, 4.2.1b, and
4.2.1c above. We could also perform candidate gene transcript quantitative RT-PCR
and even unbiased RNA-Seq transcriptomic studies (if required) on isolated lingual
tissue and taste cells from Rgs-deficient and wild-type mice (e.g., similar to Figure 3.6)
to ascertain whether any lack of phenotypic differences arises from compensatory upregulation of other Rgs genes after Cre-mediated excision of each of these loci under
study. As Rgs21, Rgs12, and Rgs7 reside in different chromosomal locations (i.e.,
chromosomal locations 1 F, 5 B2, and 1 H3, respectively), dual or even triple knockout
strain creation is possible, if necessary, to reveal phenotypes and ascribe functions to
these three proteins.
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4.2.2. Establish the mechanism by which each relevant RGS protein affects
peripheral taste signaling
4.2.2a. Characterize each Rgs-deficient mouse strain for changes in taste cell
complement / morphology
Rationale: We need to ascertain whether the behavioral and gustatory peripheral
sensation phenotype(s) observed in the pursuits above are related to any
developmental defect by the constitutive loss of RGS protein expression. For example,
our observations of blunted taste responses upon RGS21 loss were derived from mice
lacking a functional Rgs21 gene from initial conception. Therefore, we examined
whether RGS21-deficient mice had an impairment to the developmental program
(Mistretta et al., 1999; Barlow, 2015; Qin et al., 2018) that gives rise to gustatory
papillae and their normal complement of taste cell types (Figures 2.3 & 2.4 — no
impairment was found). In contrast, RGS12 and/or RGS7 may function to regulate Type
II taste receptor cell regeneration; aberrations in morphology and/or cell complement
may explain any altered taste preferences observed.
Methods: Lingual tissue morphology -- To determine if Rgs7 or Rgs12 loss affects
development of gustatory papillae, we would compare multiple, independent,
morphometric measurements from four Rgs-deficient mice of each strain and four wildtype littermates (i.e., age-matched, 15-25 days post-natal), similar to those performed
on Rgs21Δ5/Δ5 mice (Schroer et al. 2018) and other previous studies (Mistretta et al.,
1999; Vandenbeuch et al., 2013). Tongues would be dissected from mice perfused with
4% paraformaldehyde in 0.1 M phosphate, pH 7.4; oral tongue length would be
measured from tongue tip to the border between the oral and pharyngeal tongue
(caudal to circumvallate papilla). To obtain circumvallate, fungiform, and foliate papillae,
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OCT-embedded frozen tongue would be mounted in three orientations to produce
optimal sectioning (i) through the complete circumvallate papilla walls and inner
connective tissue and through all circumvallate papilla taste buds, (ii) for complete cross
sections through most fungiform papillae and taste buds (i.e., sagittal orientation for
anterior tongue halves (Mistretta et al., 1999)), and (iii) for cross sections through foliate
papillae in lateral grooves on each side of the posterior tongue. Serial, 8-μm sections
would then be cut on a cryostat, mounted on gelatin-coated slides, and H&E stained for
light microscopy. Morphometric measurements would be performed on microscope
images imported into ImageJ / Fiji. For example, we would compare sizes of the
circumvallate papillae and the sizes and total number of taste buds.
Lingual tissue immunohistochemistry (IHC) and in situ hybridization (ISH) -- To
determine if Rgs gene deletion affects the viability and integrity of taste buds or specific
subtypes of taste cells, sections from the above three papillae would be singly-labeled
with various taste cell markers, including Tas1r1, Tas1r2, Tas1r3, and mixed/pooled
T2R riboprobes, using our previously established IHC and ISH techniques (Cohen et al.,
2012; Kimple et al., 2014) (Schroer et al 2018). This process would allow us to further
assess the morphology and number of taste buds, as well as the specific complement of
taste cell types in Rgs-deficient vs Rgs+/+ mice. Specifically, sections would be
immunolabeled for KCNQ1, a voltage-gated potassium channel expressed in nearly all
taste cells (Wang et al., 2009), or the taste cell marker Keratin 8 (‘TROMA-1’ from
DSHB; ref. (Brûlet et al., 1980)), which would allow assessment of the general
morphology and number of taste buds in Rgs-deficient vs wild type mice. To determine
whether loss of RGS7 or RGS12 differentially alters the complement of taste cell types,
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we would immunolabel sections with markers specific for Type I taste cells (e.g.,
GLAST; ref. (Lawton et al., 2000)), Type II taste receptor cells (e.g., PLCβ2; ref. (Clapp
et al., 2004)), and Type III taste cells (e.g., SNAP-25; ref. (Yang et al., 2000; Clapp et
al., 2006)). To determine whether the composition or number of bitter cells is altered in
Rgs-deficient mice, we would immunolabel a-gustducin, which preferentially labels bitter
cells in the foliate and circumvallate papillae (Hoon et al., 1995; Montmayeur et al.,
2001). As an alternate to IHC, sections from the three papillae would be singly- and
doubly-labeled using ISH with Rgs7, Rgs12, and Rgs21 riboprobes and various taste
cell type-specific markers (as defined above).
Expected results: RGS12 supports nerve growth factor-mediated axonogenesis by
dorsal root ganglion sensory neurons (Willard et al., 2007) and is therefore the most
likely of these RGS proteins to function in a developmental capacity within lingual
sensory epithelium. RGS7 shares a multifunctional protein architecture with RGS12
(Fig. 4.3) but, to-date, studies of the effect of its genetic ablation on CNS function have
revealed its modulatory actions on neuronal signal transduction (Anderson et al., 2009;
Xie et al., 2010; Cao et al., 2012; Fajardo-Serrano et al., 2013; Sutton et al., 2016),
rather than neuronal development per se.
Observing altered numbers of specific taste cells within lingual tissue of an Rgsdeficient mouse strain would strengthen rationale for examining the consequences of
RGS protein loss at the adult stage (i.e., avoiding any apparent RGS protein function in
the development of tastant-responsive lingual epithelium).
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4.2.2b. Tamoxifen-induced Rgs gene loss, timed in adulthood to delineate whether
changes in taste perception and/or taste cell complement/morphology arise from
developmental perturbations
Approach: For further examining taste tissue morphology and perception phenotypes
initially observed in Rgs7fl/fl X Trpm5-IRES-Cre mice and Rgs12fl/fl X Trpm5-IRES-Cre
mice, we would also breed the Rgs7fl/fl and Rgs12fl/fl strains with a tamoxifen-inducible
Cre driver - K5-CreERT2 knock-in (JAX #029155) - in which Cre is expressed from the
intact cytokeratin-5 gene, thereby driving Cre expression in basal epithelial cells
including all taste cell types but also non-gustatory epithelium. As Rgs21 is already
restricted to taste responsive cells, we instead bred the Rgs21fl/fl parental strain with
C57BL/6J congenic, tamoxifen-inducible CAGGCre-ERTM mice, as described in the
preceding chapter.

4.2.2c. Testing for evidence of receptor downregulation by immunoblot analyses
Rationale: A potential cause of the decreased responses to GPCR-directed tastants
observed with Rgs21Δ5/Δ5 mice is an initial increase/prolongation in taste receptor and
support receptor signaling (due to loss of negative regulation on GPCR signaling) that,
over time, leads to downregulation of taste receptors and/or support receptors.
Canonically, prolonged desensitization of a GPCR leads to its downregulation (Luttrell
and Lefkowitz, 2002; Rajagopal and Shenoy, 2018). Thus, we would attempt to quantify
levels of T1R1, -2, and -3 receptors by immunoblotting CV tissue of Rgs-deficient and
wild-type mice.
Methods: We would isolate CV tissue using published methods as described above in
prior subaims. Isolated CV tissue would then be prepared for immunoblot analysis using
published methods (Ugawa et al., 2003; Martin et al., 2011). Briefly, tissue would be
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homogenized in 50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100,
and complete protease inhibitors (Roche). Equal amounts of protein would be resolved
by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Immobilon-P;
Millipore). Commercially available antibodies against mT1R1 (ab155143), mT1R2 (PA567756), and mT1R3 (LS-C496868) would be used at the recommended dilutions to
perform immunoblot analysis. Membranes would be incubated in blocking solution of
10% skim milk and 0.3% Tween 20 in Tris-buffered saline (TBS-T), and then incubated
overnight at 4ºC with primary anti-T1R antibody. The next day, the membranes would
be washed three times with TBS-T solution, then detected with horseradish peroxidaselabeled secondary antibody (1-hr incubation in TBS-T at recommended dilution for
immunoblotting) (Vector Labs; Burlingame, CA) and visualized using Super Signal West
Pico PLUS chemiluminescent substrate (Fisher). Blots would be visualized on a GE
ImageQuant Blot Imager, and band densitometry performed using Image J / Fiji
software. Parallel or stripped immunoblots would be used to detect housekeeping
proteins such as b-tubulin, GAPDH, or cyclophilin for normalizing to a loading control.
Expected Results and Alternatives: If our hypothesis as elaborated in Figure 4.1 is
correct, decreased levels of T1R1, T1R2, and T1R3 in immunoblots of CV tissue
homogenates may be observed from Rgs21Δ5/Δ5 mice vs wild-type littermates. Should
we have difficulty detecting the anticipated immunoreactivity (i.e., bands at the correct
molecular weight), we would attempt immunohistochemistry on lingual tissue, which is
less quantitative but should provide some insight into expression levels. Should we find
similar levels of T1R1, T1R2, and T1R3 in Rgs21Δ5/Δ5 mice vs wild-type littermates, we
would then suspect there is desensitization without concomitant downregulation. In such
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a case, we would examine second messenger production (e.g., calcium flux / pulses) in
isolated taste cells as detailed below, testing whether there will be decreased second
messenger responses observed to T1R2/3-directed sweeteners and T1R1/3-directed
umami compounds if desensitization is occurring.

4.2.2d. Perform second messenger production and ATP release assays in Type II taste
cells to determine whether changes in taste perception arise from altered tastant
GPCR signal transduction outputs
Rationale: Mice made deficient in expression of the ectonucleotidase NTPDase2
exhibit elevated extracellular ATP levels in their taste buds but blunted gustatory nerve
output, likely due to desensitized P2X receptors on the sensory afferent (Vandenbeuch
et al., 2013). Rgs21Δ5/Δ5 mice also exhibit blunted gustatory nerve responses to bitter,
sweet, and umami taste stimuli (Figure 2.6). Our initial hypothesis is that RGS21 loss
throughout development of the tastant-responsive cell (and resultant loss of its negative
regulatory function on tastant signaling; Figure 4.1 middle) has led over time to
desensitization and/or downregulation of tastant GPCRs and/or support machinery
(Figure 4.1 right). However, RGS protein loss may cause elevated ATP release and
desensitization of the afferent nerve (Figure 4.2), as suspected in NTPDase2-null mice
(Vandenbeuch et al., 2013). Therefore, we would measure second messenger
production and ATP release to ascertain the hierarchical level of deficit in the peripheral
taste response. In the event our main hypothesis is correct (Figure 4.1), we would
observe blunted second messenger production and ATP release in Rgs21Δ5/Δ5 mice
resulting from diminished signaling by tastants at the level of the Type II cell;
alternatively, if second messenger production and ATP release is actually elevated in
Rgs21Δ5/Δ5 mice, this would lend more credence to the notion of desensitization at the
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level of gustatory nerve P2X receptors (Figure 4.2). Similar studies would also need to
be performed with RGS7- and RGS12-null mice.
Methods: (a) Given that ATP is one of the most important taste cell neurotransmitters
released by Type II cells upon tastant interaction (Bo et al., 1999; Finger et al., 2005;
Vandenbeuch et al., 2015b; Roper and Chaudhari, 2017), we would quantify bitterantinduced ATP release by circumvallate (CV) papillae using established protocols of Dr.
Vandenbeuch and colleagues (Finger et al., 2005; Vandenbeuch et al., 2013; Larson et
al., 2015). Briefly, lingual epithelium patches containing the circumvallate papilla would
be peeled from each tongue of Rgs-deficient and wild-type mice after enzymatic
treatment with a mix of dispase II (3 mg/mL; Roche) and elastase (2.5 mg/mL;
Worthington) for 18 min. These tissue pieces would then be placed in a modified Ussing
chamber (42 µL) with the basolateral part of the papilla bathed in Tyrode’s solution
(Finger et al., 2005; Vandenbeuch et al., 2013; Larson et al., 2015). The apical part of
the papilla would be exposed for 3 min to artificial saliva (Vandenbeuch et al., 2013;
Larson et al., 2015) and then stimulated with 5µL of a bitter mix (10 mM denatonium +
100 µm cycloheximide) diluted in artificial saliva. The bathing solution would then be
transferred to a 96-well plate and placed in a plate reader (FlexStation 3). An equal
amount of luciferase (ATP Bioluminescence Kit HS II; Roche) would be added to the
transferred bathing solution aliquot via an internal injector and luminescence readings
taken immediately. Results measured as relative light units would be converted to ATP
concentrations with a standard curve obtained from known ATP concentrations run on
the same day and in the same final buffer. Experiments would be performed on six Rgsdeficient mice and six wild-type littermate controls; these numbers were found adequate
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for meaningful comparisons in past studies of other knockout strains (Vandenbeuch et
al., 2013; Larson et al., 2015). A paired Student’s t-test would be used to compare ATP
release with artificial saliva vs bitter mix, whereas an unpaired t-test would be used to
compare ATP release from Rgs-deficient vs wild-type mice. Results would be analyzed
using two-way repeated measures ANOVA (genotype × stimulus) with Tukey’s post hoc
test (Prism 7).
Considerations in measuring tastant-induced ATP release -- Papilla ex vivo
preparations are highly sensitive to mechanical stimulation (i.e., an independent means
of evoking ATP release (Grygorczyk and Hanrahan, 1997)); thus, in these assays, the
artificial saliva would not be rinsed from the tongue but instead the bitter mix would be
added to the artificial saliva already present (consistent with prior studies (Vandenbeuch
et al., 2013; Larson et al., 2015)). Assays would initially be restricted to bitterantinduced ATP release, as our experience to-date suggests that sweeteners do not elicit
significant amounts of extracellular ATP from ex vivo preparations for adequate
quantitation. Limited responsiveness to sweeteners likely results from disruption of the
elaborate ectodomain of the T1R2/T1R3 heterodimer (Montmayeur et al., 2001; Nelson
et al., 2001; Cui et al., 2006) upon enzymatic treatment required to isolate the
epithelium; bitterant T2R receptors do not have this elaborate N-terminal ectodomain
architecture (Chandrashekar et al., 2000; Singh et al., 2011).
(b) Given that calcium release is well established as a second messenger proximal to
activation of T1R and T2R GPCRs (Akabas et al., 1988; Hwang et al., 1990; Huang et
al., 1999; Zhang et al., 2003), we would also quantify calcium flux in isolated primary
taste cells of Rgs-deficient and wild-type mice immediately after tastant exposure, using
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established protocols (Huang et al., 2005, 2007, 2011; Roberts et al., 2009). To isolate
taste cells, a mix of 1 mg/ml collagenase A, 2.5 mg/ml dispase II, and 1 mg/ml trypsin
inhibitor in modified Tyrode’s buffer (Roberts et al., 2009) would be injected under the
circumvallate and foliate papillae. After 25 min at room temperature, the lingual
epithelium, enriched in taste buds, would be peeled away and immediately incubated in
modified Tyrode’s buffer with 2 mM EGTA for 15 min and then returned to modified
Tyrode’s buffer. Taste buds and cells would then be drawn into glass pipettes with
gentle suction and transferred to glass coverslips, pre-coated with Cell-Tak (Corning) to
hold cells firmly in place. Isolated taste buds and cells would then be loaded with 4 μM
Fura-2AM for 30 min at room temperature and washed in modified Tyrode’s buffer for
30 min. Taste buds and cells would then be mounted on an Nikon TE2000-S Eclipse
inverted scope (WVU Imaging Facility) with Prior filter wheels, a Photometrics Coolsnap
HQ CCD camera, an Eppendorf FemtoJet microinjector, and MetaMorph / MetaFluor
software for calcium ratiometric image acquisition. Images of cells exposed to tastantcontaining (and nominally Ca2+- and Mg2+-free) modified Tyrode’s buffer would be
captured at 0.1 Hz using sequential excitation at 340 and 380 nm and a longpass (≥510
nm) emission filter. The ratio of emission intensities (F340/F380) would be calculated and
Ca2+ transients plotted as the ratio F340/F380 minus the mean ratio for 100 s before each
stimulus (pre-stimulus baseline). Peak values above pre-stimulus baseline (iΔF340/F380)
would be used to assess statistical significance (two-tailed t-tests and/or ANOVA) using
Prism 7.
(c) Given that cAMP changes are also observed upon activation of T1R and T2R
GPCRs (Abaffy et al., 2003; Caicedo et al., 2003; Trubey et al., 2006; Roper and
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Chaudhari, 2017), we would also quantify cAMP levels in isolated primary taste cells of
Rgs-deficient mice and wild-type littermates, both before and after exposure to tastants,
using established procedures (Abaffy et al., 2003; Trubey et al., 2006). Briefly (and as
described above), taste bud-enriched circumvallate epithelia from Rgs-deficient mice
and wild-type littermates would be enzymatically delaminated, dissected free of
adjacent non-taste epithelium, and then lysed to extract cAMP into a soluble
supernatant and total cAMP in each tissue sample measured using an enzyme
immunoassay (“cAMP Direct Biotrak EIA”, GE Healthcare). Total protein in each sample
would be quantified with NanoOrange protein quantification fluorescence reagent
(Fisher), and cAMP amounts would be normalized to total protein content.
Alternatives: If required, we would also investigate quench-flow kinetic analyses for
quantifying IP3 in isolated primary taste cells of Rgs-deficient mice and wild-type
littermates after exposure to tastants, using published methods (Striem et al., 1991).
Papillae and nongustatory control tissue from both genotypes would be freshly prepared
and kept at 4°C before quench-flow tests; we would use a Horiba Fluorolog 3
spectrofluorometer with pneumatically driven SFA-20/SPEX stopped-flow accessories
for rapid kinetic acquisitions, as provided by WVU Biochemistry colleague David Smith
(Kim et al., 2015) and following quench-flow parameters/conditions previously described
(Spielman et al., 1996).

4.2.2e. Interrogating the role of RGS21, and possibly RGS7 and/or RGS12, in salt taste
Overall rationale: Contrary to our initial hypothesis, Rgs21Δ5/Δ5 mice display a loss of
appetitive response towards moderate NaCl concentrations in two-bottle choice tests

148

(37.5 - 150 mM NaCl [Figure 2.5]). Our findings with Rgs21Δ5/Δ5 mice bolster a growing,
but not universally supported, body of work suggesting GPCR signaling in Type II cells
is important in the appetitive response to salts (Damak et al., 2006; Hisatsune et al.,
2007; Tordoff et al., 2014). NaCl may activate a receptor sensitive to Na+ on Type II
cells or these cells may become active via communication from other salt-sensitive
cells. Others have suggested that amiloride-insensitive salt taste is transduced by high
salt concentrations co-opting sour- and bitter-responsive cells to stimulate aversive
pathways (Oka et al., 2013; Lewandowski et al., 2016), implicating G protein signaling
within Type II cells in the aversive response to high salt concentrations (Oka et al.,
2013). Because multiple mechanisms have been suggested to serve a role in salt taste,
each with overlapping, concentration-specific roles, it is difficult to tease out the role of a
particular pathway with a single in vivo assay. Therefore, no single test can provide a
full picture of how NaCl tastes to mice, and so we would employ several techniques to
stitch together a fuller picture of salt taste in Rgs21Δ5/Δ5 mice and potentially other Rgsdeficient strains with altered salt taste.
Brief-access salt response
Rationale: We would assess the brief-access salt response in wild-type and Rgsdeficient mice to determine whether RGS proteins, and G protein-initiated signaling in
Type II cells, influence short-term acceptance of NaCl and related salts. These assays
would help tease out the role of RGS proteins and the G protein signaling pathway in
Type II taste cells in both aversive and appetitive salt responses, in the absence of postingestive influences.

149

Method: Brief-access assay would be performed as outlined above (4.2.2b). To assess
aversive salt responses, we would evaluate the brief-access response to Na+ salts (i.e.,
NaCl and Na-Lactate) and non-Na+ salts (i.e., KCl, NH4Cl), with and without amiloride.
These aversive assays would be performed on 3 consecutive days following 22.5 hours
of water deprivation, with 1 hour of recovery (ad libitum chow and water) following the
30-min test session. We would also assess salt attraction in the brief-access paradigm
(Chandrashekar et al., 2010; Oka et al., 2013) by depleting mice of Na+ by injecting the
diuretic furosemide (50 mg/kg) and providing access to low Na+ chow and ad libitum
water for 16 hour prior to testing.
Expected Outcomes: Utilizing amiloride and non-sodium salts should inform whether a
salt-responsive G protein signaling pathway in Type II cells, which RGS21 (and possibly
other RGS proteins) might regulate, is activated via a Na+ specific mechanism and/or
through communication from other amiloride-sensitive cells. It is possible that the G
protein signaling regulated by RGS proteins in Type II cells mediates parts of both the
amiloride-sensitive and -insensitive salt taste (Oka et al., 2013; Tordoff et al., 2014).
Rgs21-deficient mice (and possibly Rgs7- and Rgs12-deficient mice) are likely to have
blunted aversion to high concentrations of Na+ and non-Na+ salts, as seen in other mice
lacking G protein signaling components in Type II cells (Damak et al., 2006; Oka et al.,
2013). In response to moderate NaCl concentrations, Type II cells appear to promote
the appetitive response possibly via interactions with neighboring, amiloride-sensitive,
Na+-responsive cells (Tordoff et al., 2014). Therefore, we anticipate that Rgs21Δ5/Δ5
mice will have a blunted attractive response to NaCl following Na+ depletion.
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Chorda tympani and glossopharyngeal nerve responses with salts
Rationale: Assessing nerve responses to various salt concentrations with and without
amiloride in Rgs-deficient mice would inform whether the G protein pathway in Type II
cells is activated via communication from other ENaC+, Na+-responsive cell types, as
well as inform any concentration-dependent differences in the role of this pathway.
Method: Nerve recordings would be done, as explained above (4.2.1c), to 30, 60, 120,
300, and 600 mM NaCl and additional salts. Amiloride use would show the extent of
responses coming from amiloride-sensitive vs -insensitive pathways.
Expected outcomes: Rgs21Δ5/Δ5 mice, and potentially other Rgs-deficient mice, are
likely to have blunted nerve responses to moderate and high concentrations of NaCl.
We expect amiloride to reduce the nerve response of wild-type mice to those of
Rgs21Δ5/Δ5 mice at moderate concentrations of NaCl, but not at high concentrations of
NaCl, i.e., supporting the hypothesis that G protein signaling in Type II cells contributes
to amiloride-sensitive tasting of moderate salt concentrations and amiloride-insensitive
tasting of high salt concentrations.
Pitfalls and alternatives: Potential dual roles that G protein signaling in Type II cells
exert on amiloride-sensitive and -insensitive salt taste make it difficult to get a clear
picture of one without the influence of the other. Using several approaches as described
above will help tease out these intertwined roles. It is possible that some of the
appetitive NaCl response in two-bottle tests results from altered post-ingestive or
physiological influences (e.g., blood pressure) (Bachmanov et al., 1998). However,
RGS21 has restricted expression to taste-responsive tissue (von Buchholtz et al., 2004;
Cohen et al., 2012; Kimple et al., 2014). Nonetheless, additional nerve recordings of salt
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responses will help determine whether the phenotype seen in two-bottle choice assays
is the result of altered peripheral taste signaling. An alternative way to isolate the role of
RGS21 in the appetitive salt response would be to generate and breed Tas1r3::Cre
mice with Rgs21flox/flox mice, thereby excising Rgs21 in only those Type II cells
mediating appetitive tastes (i.e., sweet, umami). Such a study would determine whether
the blunted appetitive response to moderate NaCl concentrations found in global
Rgs21-null mice is the result of G protein signaling specifically in T1R3+ cells. It would
also address confusion that may arise from potentially opposing roles of RGS21 in both
appetitive and aversive salt taste.
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